(TotneU  IHntverstti^ 


OF   THE 

IRewl^ork  State  Collefic  of  Hariculturc 

<^.jy:jg.gi?„ A4.J-vi^-/i.. 


Cornell  university  Library 
QD  31.R791911 
'■^  A  treatise  on  chemistry- 


Cornell  University 
Library 


The  original  of  tiiis  book  is  in 
tine  Cornell  University  Library. 

There  are  no  known  copyright  restrictions  in 
the  United  States  on  the  use  of  the  text. 


http://www.archive.org/details/cu31924002967531 


A  TREATISE  ON  CHEMISTRY 


MACMILLAN  AND   CO.,    Limited 

LONDON  .  BOMBAY   CALCUTTA 
MELBOURNE 

THE    MACMILLAN   COMPANY 

NKW   YORK    .    BOSTON        CHICAGO 
DALLAS    .    SAN    FRANCISCO 

THE   MACMILLAN   CO.  OF   CANADA,    Ltd. 

TORONTO 


TREATISE  ON  CHEMISTRY 


BY 

H.  E.  KOSCOE  F.R.S.  and  C.  SCHORLEMMER  F.R.S. 


VOLUME  II.— THE  METALS 


"  Chyniia,  aliax  Akhemia  ri  Spagirka,  est  an  corpora  vel  mixta,  rd  componita, 
vel  aggregata  etiam  in  principia  fnia  resolvendi,  aut  ex  principiis  in  talia 
combinandi." — Stahl.   1723. 


NEW  EDITION  COMPLETELY  REVISED  BY 
THE  RIGHT  HON.  SIR  HENRY  ROSCOE  AND  OTHERS 


MACMILLAN   AND   CO.,   LIMITED 

ST.  MARTIN'S   STREET,  LONDON 

1913 
\..L. 


COPYRIGHT 


First  Edition  printed  1878 

Iteprinted,  1879;  Second  Edition,  1883;  Reprinted  1887,  1893 

Third  Edition,   1897;  Fourth  Edition,  1907;  i'ViS't  Edition,  1913 

RiCHAKD  Clay  and  Sons,  Limited, 

BRUNSWICK  STREET,    STAMFORD   STREET,    S.E., 
AND  BUNGAY,    SUFFOLK. 


PREFACE  TO   VOL.   11 

(FIRST  EDITION) 

The  aim  which  the  Authors  have  set  before  them- 
selves in  treating  of  the  Metals  and  their  Compounds 
is  the  same  as  that  which  they  proposed  in  the  dis- 
cussion of  the  Non-Metallic  Elements.  Owing,  how- 
ever, to  the  large  number  of  the  Metals  and  their 
Salts,  the  description  of  these  latter  could  not,  within 
practicable  limits,  be  made  so  complete  as  is  possible 
in  the  case  of  the  Non-Metallic  Compounds.  Hence 
the  Authors,  whilst  giving  the  characteristic  properties 
of  ea©h  metal,  have  been  obliged  to  restrict  their  notice 
to  those  compounds  which  possess  the  greatest  interest 
either  of  a  theoretical  or  practical  kind. 

Due  attention  has  been  paid  to  the  more  important 
technical  processes  connected  with  Metallurgy,  and  no 
pains  have  been  spared  to  assist  the  description  of  such 
processes  by  Drawings  of  the  most  modern  forms  of 
apparatus  and  plant. 

As  an  illustration  of  this  the  Authors  would  refer 
to  the  Chapter  on  the  Soda  and  Glass  Manufactures  in 
Part  I.,  and  to  the  Metallnrgy  of  Iron  in  Part  II. 


PREFACE 


At  the  end  of  the  volume  will  be  found  short 
Chapters  on  the  Classification  of  the  Elements;  on 
Spectrum  Analysis,  so  far  as  the  detection  of  terrestrial 
matter  is  concerned. 


January,  1878. 


PREFACE  TO   THE   THIRD   EDITION 

During  the  nineteen  years  which  have  elapsed  since 
the  publication  of  the  first  Edition  of  this  volume  of 
the  Treatise,  much  important  work  on  the  chemistry 
of  the  Metals  and  their  Compounds  has  been  done. 
So  much  indeed  that  a  completely  New  Edition  has 
been  prepared,  in  which  the  Metallic  Elements  and  their 
Compounds  have  been  rearranged  and  all  new  matter  of 
importance  added.  I  again  have  to  thank  my  friends 
Drs.  Colman  and  Harden  for  the  valuable  help  which 
they  have  given  me  in  this  as  in  the  last  volume. 

H.  E.  ROSCOE. 

September,  1897. 


PREFACE  TO  THE  FOURTH  EDITION 

Much  new  and  important  matter  with  regard  to  the 
Metals  and  their  Compounds  has  come  to  light  in  the 
ten  years  since  the  last  edition  of  this  work  appeared, 
and  in  the  present  volume  care  has  been  taken  to 
include  all  the  more  important  points  connected  with 
the  recent  discoveries.  The  subject  of  crystallography, 
which  formerly  appeared  in  the  first  volume,  has  now 
been  included  in  the  second,  and  here  I  must  express 
my  thanks  to  Professor  Miers  for  permitting  the  use 
of  the  illustrations  from  his  own  work  and  for  reading 
the  proof  of  this  chapter.  Several  contributors  have 
assisted  in  the  work  of  revision  ;  amongst  them  I  must 
mention  Mr.  C.  0.  Bannister,  who  has  written  upon 
Metallurgy  and  Alloys,  Mr.  Harry  Baker,  Dr.  Colman, 
Dr.  Marshall  Watts,  and  Mr.  Young,  who  have  all 
assisted  in  various  departments. 

H.  E.  ROSCOE. 

September,  1907. 


PREFACE   TO   THE   FIFTH  EDITION 

In  preparing  the  fifth  edition  of  the  metals  I  have 
to  thank  several  friends  for  assistance.  By  their 
contributions  the  subject  has  been  brought  up  to  date. 

Whilst  the  general  character  of  the  work  is  preserved 
several  important  alterations  and  additions  will  be 
found  in  this  volume.  Thus  Dr.  J.  C.  Philip  has  revised 
and  improved  the  introductory  and  physical  portions, 
whilst  by  his  reading  the  whole  of  the  final  proofs 
accuracy  has  been  maintained  throughout.  Mr.  T.  V. 
Barker  has  re-arranged  the  chapter  on  crystallography 
and  has  inserted  the  recent  work  done  in  that  subject. 
Dr.  Makower  has  succeeded  in  placing  in  clear  light  the 
results  of  the  new  and  important  researches  in  the  wide 
field  of  radioactivity. 

Mr.  Bannister,  who  once  more  has  undertaken  the 
metallurgical  portion,  Dr.  Spencer  (Rare  Earths), 
Mr.  Baker  (Alkali  Manufacture),  Drs.  Keane  and  Mollwo 
Perkin  (Metallic  Compounds)  have  ably  assisted  me  in 
their  several  departments. 

It  is  to  be  noted  that  unless  a  specific  statement  to 
the  contrary  is  made  all  atomic  weights  are  referred  to 
0  =  16. 

H.  E.  ROSCOE. 

July,   1913. 
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THE    FOLLOWING    ARE   THE   ATOMIC  WEIGHTS   OF   THE   ELEMENTS 
USED  IN  THIS  VOLUME. 


1913. 
International  Atomic   Weights. 


0  =  16. 

Aluminium Al  27'1 

Antimony Sb  120-2 
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Arsenic     As  74-96 
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THE  METALS 

1  The  metals  gold,  silver,  copper,  iron,  tin,  and  lead  were 
known  to  the  ancients.  We  find  them  mentioned  in  the  writings 
of  the  Old  Testament,  as  well  as  in  those  of  the  early  Greek 
authors.  The  name  of  mercury  is  first  found  in  the  writings  of 
Theophrastus,  but  the  existence  of  most  of  the  remaining  metals 
became  known  only  in  comparatively  recent  times.  Antimony 
appears  to  have  been  obtained  in  very  early  times,  although  the 
reputed  Basil  Valentine  describes  its  preparabion  as  a  novelty, 
but  neither  zinc  nor  bismuth  became  generally  known  until  the 
sixteenth  century. 

An  historical  notice  of  each  metal' will  be  found  under  its 
own  heading.  We  have  here  simply  to  consider  the  progress 
of  our  knowledge  concerning  the  properties  of  the  metals  as  a 
class. 

2  The  Latin  writer  who  adopted  the  name  of  Geber  (Vol.  L, 
p.  7)  is  the  first  author  in  whose  writings  we  find  a  distinct 
definition  of  the  word  metal :  "  Metallum  est  corpus  miscibile, 
fusibile,  et  sub  malleo  ex  omni  dimensione  extendibile." 
According  to  this  definition,  mercury,  which  had  been  looked 
upon  as  metallic  by  the  Greek  alchemists,  is  not  included 
amongst  the  metals.  Geber  likewise  distinguished  gold  and 
silver  as  the  noble  metals,  because  they  did  not  undergo  any 
change  in  the  furnace,  whereas  the  others  were  termed  base 
metals.  This  definition  was  accepted  throughout  the  whole  of 
the  middle  ages,  so  that  when  the  brittle  metals  antimony, 
bismuth,  and  zinc  came  to  be  well  known,  they  were  classed  as 
bastard  or  semi-metals.  Thus,  for  instance,  Paracelsus  says  : 
"  Zinc,  which  is  a  metal  and  yet  no  metal,  and  bismuth  and  the 
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like  being  partly  malleable  ....  are  bastards  of  the  metals." 
Opinion  was  divided  respecting  the  position  of  mercury,  until 
its  solidification  by  extreme  cold,  and  its  malleability  in  this 
condition,  had  been  observed  in  1759.  From  this  time  forward 
it  was  universally  admitted  to  be  a  metal. 

The  brilliant  experiments  and  reasoning  of  Lavoisier  towards 
the  close  of  the  eighteenth  century  finally  established  the 
elementary  nature  of  the  metals,  which  hitherto  had  been 
looked  upon  by  the  followers  of  Stahl  as  compounded  of  a  calx 
united  with  phlogiston  (Vol.  I.,  p.  14).  In  Lavoisier's  classifi- 
cation of  substances,  drawn  up  in  1787,  the  metals  are  grouped 
together  as  one  of  the  five  classes  into  which  he  divided  the 
elements,  the  distinction  between  metals  and  semi-metals  being 
abandoned. 

The  decomposition  of  the  alkalis  by  Davy  in  1807  made 
chemists  acquainted  with  substances  of  an  entirely  new  cha- 
racter. Although  the  bases  of  soda  and  potash  agreed  "  with 
metals  in  opacity,  lustre,  malleability,  conductive  powers  as  to 
heat  and  electricity,  and  in  their  qualities  of  chemical  com- 
bination," 1  and  were  classed  by  Davy  himself  with  the  metals, 
yet,  inasmuch  as  they  were  lighter  than  water,  they  were  not 
considered  by  many  chemists  to  be  metals  proper.  In  1808 
Erman  and  Simon  attempted  ^  to  revive  the  old  distinction 
between  true  metals  and  substances  resembling  metals  by  pro- 
posing for  the  new  substances  the  name  of  metalloids  (/tteraXXoi' 
a  metal,  etSo?  similar).  This  proposal,  however,  was  not  gene- 
rally accepted,  and  the  elements  were  from  this  period  classed 
in  two  groups,  the  non-metals  and  the  metals,  the  newly  coined 
term,  metalloid,  being  applied,  or  rather  perhaps  misapplied,  by 
Berzelius  in  1811  to  designate  the  former  of  the  two  classes,  in 
which  sense  it  is  still  sometimes  employed.  It  soon  became 
evident  that  the  separation  of  the  elements  into  these  two 
groups  was  not  a  logical  one,  since  no  satisfactory  basis  of  classi- 
fication could  be  obtained.  With  the  discovery  of  the  alkali 
metals  a  high  specific  gravity  had  ceased  to  be  characteristic, 
and  the  property  of  metallic  lustre  soon  shared  its  fate.  Thus 
tellurium,  discovered  in  1782,  was  grouped  with  the  metals 
because  of  its  lustre  and  specific  gravity.  Its  close  chemical 
analogy  with  sulphur,  however,  which  was  pointed  out  by 
Berzelius  in  1832,  clearly  indicated  that  these  two  elements 
belonged  to  the  same  class. 

'  Davy,  PhU.  Trmix.,  1808,  98,  31.       "-  Gilbert's  Amwden,  1808,  28,  347. 
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In  the  same  way,  every  property  supposed  to  be  character- 
istic of  a  metal  has  been  found  to  be  shared  by  some  one  or 
other  non-metallic  substance,  or  to  be  absent  from  some  other- 
wise well-characterised  metal.  Thus  opacity,  and  the  power  of 
conducting  electricity  well,  were  long  deemed  essential  proper- 
ties of  a  metal  ;  but  we  now  know  that,  in  very  thin  layers, 
metals  such  as  gold  and  silver  are  transparent,  whilst  several 
non-metals,  such  as  graphite,  and  selenium,  in  one  of  its 
modifications,  conduct  electricity  like  metals. 

3  The  relations  of  the  so-called  non-metals  to  the  metals  are 
well  seen  when  the  elements  are  arranged  according  to  the 
periodic  system  (p.  50),  which  has  now  superseded  the  old 
classification.  Thus  the  elements  of  the  nitrogen  group  exhibit 
in  a  striking  manner  the  gradual  transition  from  a  distinctly 
non-metallic  to  a  distinctly  metallic  element.  Nitrogen  itself  is 
undoubtedly  a  non-metallic  body,  whilst  phosphorus  in  certain 
of  its  allotropic  modifications  approaches  the  metals,  one  of 
these  modifications,  indeed,  being  termed  metallic  phosphorus. 
A^rsenic,  the  third  member  of  the  nitrogen  family  of  elements, 
was  formerly  classed  as  a  semi-metal.  At  a  later  period  it  was 
considered  to  be  a  metal  proper,  and  even  now  some  chemists 
rank  it  amongst  the  metals,  whilst  others,  looking  to  its  striking 
similarity  with  phosphorus,  place  it  amongst  the  non-metals. 
Antimony  and  bismuth  are  elements  which  belong  to  this  same 
group,  and  these  substances  are  always  considered  to  be  metals 
from  their  close  analogy  to  other  distinctly  metallic  sub- 
stances. It  will  be  noticed  that  the  members  of  this  group 
of  elements  approach  more  and  more  closely  to  a  true  metal  as 
the  atomic  weight  increases.  The  same  peculiarity  is  observed 
in  other  groups.  The  elements  titanium  and  zirconium  are, 
on  the  one  hand,  closely  connected  with  the  non-metal  silicon, 
whilst,  on  the  other,  they  exhibit  the  most  marked  analogies 
with  tin,  and  are  classed  accordingly  amongst  the  metals.  We 
must,  however,  be  careful  not  to  draw  the  conclusion  that  the 
elements  which  possess  the  highest  atomic  weights  are  neces- 
sarily metals,  and  those  which  possess  the  lowest  are  non- 
metals.  Lithium,  which  after  hydrogen  and  helium  possesses 
the  smallest  atomic  weight,  is  a  well  characterised  metal,  and 
hydrogen  itself  exhibits  in  its  chemical  relations  far  more 
analogy  with  the  metals  than  with  the  non-metals  ;  whilst,  on 
the  other  hand,  xenon,  with  the  atomic  weight  130,  shows  none 
of  the  characteristics  of  a  metal. 


THE   METALS 


Althoutrh  the  division  into  metals  and  non-metals  is  thus 
seen  to  be  one  which  does  not  admit  of  exact  definition,  it  is 
none  the  less  true  that  the  metals  as  a  class  do  possess  certain 
generic  properties  which  most  of  the  non-metals  either  do  not 
possess  at  all,  or  exhibit  only  in  a  very  slight  degree.  Amongst 
these  properties  that  of  metallic  lustre  may  especially  be  men- 
tioned. This  property  is  characteristic  of  all  metals,  and  if  it  is 
not  noticeable  when  the  metals  are  in  a  state  of  fine  division, 
in  which  case  they  frequently  appear  in  the  form  of  black 
powders,  it  can  readily  be  observed  when  the  powder  is  rubbed 
with  a  hard  body. 

Another  generic  difference  which  may  be  noticed  is  that 
whilst  the  characteristic  oxides  of  the  non-metals  belong  to 
the  class  of  acid-forming  oxides,  those  of  the  metals  are  basic 
in  chaj'acter,  only  the  higher  oxides  of  certain  of  the  metals,  as 
a  rule,  being  capable  of  forming  acids. 


DETERMINATION   OF    THE  ATOMIC  WEIGHTS 
OF   THE    METALS. 

4  Although  by  the  year  1819  chemists  were  in  possession  of 
the  three  principles,  laid  down  respectively  by  Avogadro, 
Dulong  and  Petit,  and  Mitscherlich,  by  which  they  are  now 
guided  in  the  selection  of  the  atomic  weights  of  the  elements, 
yet  nearly  half  a  century  was  to  elapse  before  the  establish- 
ment of  a  consistent  and  generally  accepted  method  of  applying 
Ihese  principles. 

Avogadro's  theory  (Vol.  I.,  p.  75),  proposed  in  1811,  a  few  years 
only  after  the  introduction  of  the  idea  of  combination  between 
atoms  of  characteristic  weights,  rendered  necessary  a  division  of 
the  particles  even  of  elementary  substances.  The  chemists  of 
the  period  were  not,  however,  prepared  to  admit  the  validity  of 
these  views,  and  hence  they  endeavoured  to  obtain  some  other 
foundation  upon  which  to  erect  a  system  of  atomic  weights. 
Berzelius  (1818)  found  this  in  the  assumption  of  the  identity 
of  volume  and  atom  in  the  case  of  the  elementary  gases,  ascrib- 
ing to  water  the  formula  HgO,  and  to  oxygen  the  relative 
atomic  weight  16.  In  deciding  upon  the  atomic  weights  of  the 
other  elements,  especially  the  metals,  Berzelius  was  forced,^ 
like  Dalton,  to  have  recourse  to  purely  arbitrary  assumptions. 
1  Essai  sur  la  tUorie  des proportions  chimiques,  etc.,  Paris,  1819, 
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When  the  important  discoveries  of  Dulong  and  Petit,  and 
Mitscherlich  (Vol.  I.,  p.  42)  were  made,  Berzelius  at  once  saw 
the  simplification  which  would  be  effected  by  the  adoption  of 
the  theories  of  these  chemists,  and  in  his  next  table  of  atomic 
weights  he  introduced  them  consistently,  thus  arriving  at  atomic 
numbers  which,  with  a  few  exceptions,  differ  from  the  modern 
ones  only  by  small  amounts  due  to,  the  errors  of  the  analytical 
processes  then  employed.  The  chief  of  these  exceptions, 
potassium,  sodium,  and  silver,  were  due  to  the  close  chemical 
analogy  between  the  strongly  basic  oxides  of  these  metals  and 
those  of  calcium,  zinc,  etc. ;  this  led  Berzelius,  in  spite  of  the 
known  specific  heat  of  silver,  to  formulate  them  all  on  the  same 
type  RO,  the  atomic  weights  assigned  to  the  three  metals  being 
therefore  twice  as  great  as  those  now  employed. 

Dumas,  on  the  other  hand,  at  first  based  his  system  of  atomic 
weights  on  Avogadro's  theory,  but  was  seduced  from  his 
allegiance  to  this  by  a  false  application  of  it,  which  had, 
however,  received  the  countenance  of  Avogadro  himself 
Because  the  molecules  of  hydrogen,  nitrogen,  oxygen,  and 
chlorine  were  each  supposed,  according  to  this  theory,  to  be 
made  up  of  two  atoms,  Dumas  concluded  that  the  same  should 
be  true  of  the  molecules  of  the  vapour  of  any  elementary 
substance  whatever.  On  this  basis  he  calculated  the  vapour 
density  of  sulphur,  but  found  that  the  experimental  density 
was  three  times  as  great  as  the  theoretical.  A  somewhat 
similar  inconsistency  was  observed  in  the  case  of  phosphorus, 
and  Dumas  was  thus  led  to  abandon  Avogadro's  theory,  whilst 
Berzelius  was  induced  by  the  same  experiments  to  modify  his 
theory  of  the  identity  of  volume  and  atom  in  the  case  of  simple 
substances,  and  to  confine  it  to  the  simple  permanent  gases. 

The  discovery  of  dimorphism  in  1823  had  rendered  the 
application  of  Mitscherlich's  theory  of  isomorphism  to  the 
selection  of  atomic  weights  somewhat  uncertain,  so  that  at 
this  time,  about  1830,  doubts  were  cast  on  the  possibility  of 
obtaining  any  satisfactory  method  of  ascertaining  the  relative 
weights  of  the  atoms,  and  it  was  proposed  that  chemists  should 
content  themselves  with  employing  the  equivalent  weights 
directly  determined  by  analysis. 

The  equivalent  system  had  been  proposed  in  England  by 
Wollaston^  at  a  very  early  date  (1814),  and  had  found  very 
general  acceptance  amongst  his  countrymen  ;  it  had,  moreover, 
'  A  Synoptic  Scale  of  Chemical  Equivalents.     Phil.  Trans.,  1814,  104,  1. 


THE   METALS 


been  adopted  by  Gmelin  in  his  great  Handbook  of  GhemiHtry 
(1817),  and  had  thus  come  into  very  general  use.  The 
tendency  to  abandon  the  idea  of  the  chemical  atom,  as  distinct 
from  the  equivalent,  was  moreover  strengthened  by  Faraday's 
discovery  (1834)  that  the  electrolytic  equivalents  of  the  metals, 
that  is  the  relative  amounts  deposited  during  a  given  time  by  a 
given  current  of  electricity,  .are  identical  with  their  chemical 
equivalents. 

The  rapid  development  of  organic  chemistry  which  occurred 
in  the  years  1830-1855  made  chemists  acquainted  with 
many  reactions,  such  as  the  formation  of  mixed  ethers  (William- 
son), acid  anhydrides  (Gerhardt),  and  esters,  the  production  of 
mixed  salts  of  polybasic  acids,  etc.,  which  could  not  easily  and 
consistently  be  formulated  on  the  basis  of  the  equivalent  system. 
Numerous  modifications  of  the  system  were  therefore  introduced 
by  individual  investigators,  until  it  became  quite  impossible  to 
interpret  a  chemical  formula  without  special  information  as  to 
the  sense  in  which  the  symbols  were  employed  by  the  particular 
author  in  question. 

A  most  important  proposal  was  put  forward  by  Gerhardt,  who 
along  with  Laurent,  had  resuscitated  Avogadro's  theory,  and 
applied  it  consistently  to  all  volatile  compounds.  He  regarded 
all  the  basic  oxides  of  the  metals  as  derived  from  water  by  the 
replacement  of  the  hydrogen  b}'  two  atoms  of  the  metal,  the 
general  formula  of  the  oxides  being  R^O.  Silver,  potassium,  and 
sodium  thus  received  the  atomic  weights  which  are  now  recog- 
nised, whilst  the  atomic  weights  of  metals  such  as  lead,  zinc, 
calcium,  etc.,  had  only  one-half  of  the  modem  values. 

In  1858,  the  various  conflicting  systems  were  finally  co- 
ordinated by  Cannizzaro  ^  in  his  Sketch  of  a  Course  of  Chemical 
Philosophy.  In  this  admirable  paper,  which  is  one  of  the  classics 
of  chemical  literature,  he  pointed  out  in  detail  how  a  complete 
and  consistent  system  of  formulae  could  be  obtained  by  the  recog- 
nition both  of  Avogadro's  theory,  and  the  theory  of  atomic  and 
molecular  heats  as  founded  by  Dulong  and  Petit,  Neumann,  and 
Joule.  In  the  case  of  metals  which  form  compounds  volatile 
without  decomposition,  Cannizzaro  was  able  to  show  that  the 

'  Sunto  di  un  corso  di  filosofia  chimica  fatto  nella  Reale  UniversiU  di 
Geneva  del  Professore  S.  Cannizzaro,  Nuovo  Oimento  (1858),  YII.  An 
English  translation  of  this  paper  has  been  published  as  No.  18  of  the  Alembic 
Club  Reprints.  Reference  may  be  made  also  to  the  Cannizzaro  Memorial 
Lecture,  by  Sir  William  Tilden,  Journ.  Chem.  Soc,  1912,  101,  1677. 
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atomic  weight  deduced  from  specific  heat  was  in  agreement 
with  the  value  deduced  from  vapour  density.  The  atomic 
weights  suggested  by  Cannizzaro  were  gradually  adopted  by 
chemists  as  soon  as  they  realised  the  simplicity  and  consistency 
of  the  system,  and  they  are  the  ones  still  employed.  One  of 
the  immediate  results  flowing  from  the  adoption  of  Cannizzaro's 
numbers  was  the  periodic  system  of  classification  of  the  elements 
introduced  by  De  Chancourtois,  Newlands,  Mendel^eff,  and 
Lothar  Meyer  (see  p.  44). 

5  The  determination  of  the  atomic  weight  of  an  element  in- 
volves, as  has  already  been  pointed  out  (Vol.  I.,  p.  77),  two 
processes : — (1)  The  determination  of  the  proportion  by  weight 
in  which  the  element  combines  with  other  elements,  or,  as  it  is 
called,  the  chemical  equivalent  of  the  element ;  (2)  The  selec- 
tion of  that  multiple  of  the  equivalent  which  represents  the 
smallest  amount  of  the  element  found  in  a  molecule,  and  which 
is  known  as  its  atomic  weight. 

I.  Determination  of  the  Equivalent. 

6  In  expressing  the  chemical  equivalents  of  the  elements,  it 
is  convenient  to  have  some  one  element  as  the  standard  of 
reference,  and  formerly  hydrogen  was  chosen  for  this  purpose- 
Since,  however,  comparatively  few  of  the  metals  form  well- 
defined  compounds  with  hydrogen,  the  equivalent  of  a  metal 
referred  to  hydrogen  had  in  nearly  all  cases  to  be  calculated 
from  an  analysis  of  the  compounds  of  the  metal  with  oxygen  or 
chlorine.  Accordingly,  it  is  now  generally  agreed  that  oxygen 
should  be  taken  as  the  standard  element  (Vol.  I.,  p.  78).  On 
this  basis  the  equivalent  of  an  element  is  defined  as  the  number 
of  parts  by  weight  of  the  element  which  combine  with  8  parts 
by  weight  of  oxygen.  Our  knowledge  of  the  quantitative 
relation  between  hydrogen  and  oxygen  (Vol.  I.,  p.  284)  on  the 
one  hand,  and  hydrogen  and  chlorine  (Vol.  I.,  p.  212)  on  the 
other,  permits  an  extension  of  the  definition  in  the  following 
terms :  the  equivalent  of  an  element  is  the  number  of  parts  by 
weight  of  the  element  which  combine  with  1-008  parts  by 
weight  of  hydrogen  or  35-46  parts  by  weight  of  chlorine. 
Elements  which  combine  with  any  of  the  standards  in  several 
different  proportions  have,  of  course,  a  corresponding  number  of 
different  equivalents. 

The  equivalent  of  an  element  can  be  most  directly  determined 
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by  the  analysis  or  synthesis  of  its  oxide,  a  process  which  gives 
immediately  the  proportion  by  weight  in  which  the  element 
combines  with  oxygen.  Thus  the  equivalents  of  nickel  and 
iron  have  been  determined  by  reducing  a  weighed  amount  of 
the  oxide  to  the  corresponding  metal,  whilst  the  inverse  process 
of  converting  the  metal  into  an  oxidfe  has  been  employed  in 
determining  the  equivalents  of  antimony  and  of  bismuth.  In 
most  cases,  however,  this  direct  process  cannot  be  applied,  and 
recourse  is  then  had  to  indirect  methods  of  analysis  or  synthesis. 
Thus  the  chlorides  of  the  metals  cannot,  as  a  rule,  be  directly 
analysed  or  synthesised  with  great  quantitative  accuracy;  it  is 
therefore  usually  more  convenient  and  accurate  to  bring  a 
weighed  amount  of  the  chloride  into  reaction  with  a  salt  of 
silver,  and  ascertain  either  the  amount  of  silver  required  to 
combine  with  the  whole  of  the  chlorine  present,  or  the  weight 
of  silver  chloride  produced,  or  both  of  these  quantities.  When 
this  is  known,  the  amount  of  chlorine  present,  and  therefore  the 
composition  of  the  chloride,  can  be  calculated,, provided  that  the 
ratio  in  which  silver  unites  with  chlorine,  i.e.,  the  composition 
of  silver  chloride,  be  known. 

Stas  found,  for  example,  that  85-031  parts  of  sodium  chloride 
required  156862  parts  of  silver  for  the  complete  precipitation  of 
its  chlorine  in  the  form  of  silver  chloride.  Since  107-12  parts  of 
silver  were  found  by  him  to  be  equivalent  to  1  of  hydrogen,  and  to 
combine  with  35-18  of  chlorine  to  form  silver  chloride,  it  follows 
that  the  amount  of  sodium  chloride  which  is  required  to  react 
with  107-12  parts  of  silver,  and  therefore  contains  35-18  parts 

,    ,,     .           85-031x107-12 
of  chlorine,  is 15Q-8Q2 =  ^^'^^-     Hence  58-06  - 35-18  = 

22-88  parts  of  sodium  are  equivalent  to  107-12  parts  of  silver, 
or  1  part  of  hydrogen.  This  conclusion,  if  re-stated  on  the 
basis  of  the  oxygen  standard,  would  run  :  23-06  parts  of  sodium 
are  equivalent  to  107-98  parts  of  silver  or  8  parts  of  oxygen. 

In  a  similar  way,  the  equivalent  of  an  element  may  be  in- 
directly ascertained  by  estimating  the  amount  of  any  substance 
required  for,  or  produced  in,  a  reaction  in  which  a  weighed 
amount  of  the  element  or  one  of  its  compounds  takes  part.  The 
equivalents  of  a  very  large  number  of  the  metals  have  accord- 
ingly been  ascertained  by  the  conversion  of  an  oxide  into  a  salt, 
of  a  salt  into  an  oxide,  or  of  one  salt  into  another.  Thus,  for 
example,  Erdmann  and  Marchand  found  that  100  parts  of 
calcium  carbonate  yield  136-05  parts  of  calcium  sulphate.     From 
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the  known  composition  and  properties  of  carbonic  acid  gas  and 

sulphur  trioxide,  it  follows  that  an  increase  of  weight  of  35-80  in 

this  reaction  corresponds  with  43-67  parts  of  carbonic  acid  gas 

in  the  original  carbonate,  and,  further,  that  this  is  combined  with 

such  a  quantity  of  an  oxide  as  contains  16-88  parts  of  oxygen. 

Hence  100  parts  of  calcium  carbonate,  which  gain  36-06  in  the 

.    43-67  X  3606     ,    „ 
reaction,  contain  ^^^^ =  43-99   parts   of    carbonic   acid 

gas,  combined  with  56-01  parts  of  calcium  oxide,  and  this  con- 

^  .      16-88x3605     ,,        ,      ^ 

tains g— g^r =  16  parts  of  oxygen,  and  40-01  of  calcium. 

Hence,  according  to  this  particular  experiment,  the  equivalent  of 

calcium  is ^a —  =  20-005.     The  equivalent  of  calcium  can 

also  be  similarly  deduced  from  the  results  obtained  by  the 
same  chemists  for  the  calcination  of  calc-spar,  13-6031  grams 
of  which  were  found  to  yield  7-6175  grams  of  quicklime  on 
ignition. 

In  other  cases  the  amount  of  hydrogen  which  is  evolved  when 
a  weighed  amount  of  a  metal  is  dissolved  in  an  acid  or  alkali 
(aluminium,  zinc),  the  amount  of  a  metal  precipitated  by  a 
weighed  amount  of  another  metal  from  a  solution  of  one  of  its 
salts,  the  amount  of  metal  deposited  by  the  electrolj'sis  of  a 
weighed  amount  of  a  salt  (copper),  the  amount  of  an  acid 
required  to  neutralise  a  weighed  amount  of  a  given  base,  may 
be  used  for  the  determination  of  the  equivalent,  provided  that 
the  necessary  knowledge  of  the  equivalents  of  the  various  other 
substances  involved  is  available. 

In  all  these  indirect  processes,  in  addition  to  the  unavoidable 
experimental  error  of  the  actual  estimation,  there  is  also  the 
experimental  error  involved  in  each  of  the  equivalents  employed 
in  the  calculation.  The  investigator,  therefore,  in  selecting 
methods  for  the  determination  of  the  equivalent  of  an  element, 
will,  if  possible,  choose  such  as  involve  substances  of  which  the 
equivalents  are  known  with  the  greatest  accuracy.  The  experi- 
mental error  of  the  actual  estimation  cannot  be  entirely  removed, 
but  its  effect  is  diminished  by  taking  the  average  result  of 
a  large  number  of  experiments,  and  by  arranging  that  the 
amount  of  material  employed  shall  be  sufficiently  large  to 
make  this  inevitable  error  bear  as  small  a  ratio  as  possible  to 
the  number  which  is  to  be  determined.  A  further  precaution, 
which   should   always   be   taken  when   it  is  practicable,  is  to 
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determine  the  equivalent  by  as  many  distinct  processes  as 
possible,  since  in  this  way  the  special  experimental  error  which 
is  peculiar  to  each  process  is  to  some  extent  eliminated. 

The  experimental  foundation  which  is  thus  seen  to  be 
necessary  for  the  construction  of  a  system  of  equivalents  is  due 
in  great  part  to  the  classical  labours  of  Stas/  who  carried  the 
processes  of  analytical  chemistry  to  a  degree  of  accuracy  quite 
unknown  to  his  predecessors,  Dalton,  Berzelius,  and  Dumas. 
Stas  chose  silver  as  the  substance  which  was  most  convenient 
for  experimental  purposes,  and  determined  its  equivalent  on  the 
one  hand  to  oxygen,  and  on  the  other  to  chlorine,  bromine, 
iodine,  sulphur,  and  potassium,  very  great  precautions  being 
taken  to  avoid  error.  The  equivalent  of  silver  to  chlorine, 
bromine,  and  iodine  was  determined  by  the  direct  synthesis  of 
the  corresponding  compound.  In  the  case  of  chlorine,  the 
silver  and  the  silver  chloride  obtained  from  it  were  weighed ; 
on  the  other  hand,  the  compositions  of  the  bromide  and  iodide 
were  determined  by  a  series  of  complete  syntheses,  the  metallic 
silver,  the  bromine  or  iodine,  and  the  silver  bromide  or  iodide 
being  all  weighed.  The  equivalent  of  silver  to  oxygen  was  as- 
certained by  the  reduction  of  silver  chlorate,  bromate,  and  iodate 
to  the  chloride,  bromide,  and  iodide.  The  difference  in  weight 
between  the  oxygenated  salt  which  was  taken  and  the  halogen 
compound  which  was  obtained  gives  the  ratio  of  oxygen  to  silver 
chloride,  etc.,  and  the  composition  of  the  latter  having  been 
ascertained  as  just  described,  the  ratio  of  silver  to  oxygen  can 
be  calculated.  In  another  series  of  experiments  designed  for 
the  same  purpose,  potassium  chlorate  was  converted  into 
potassium  chloride  by  heat,  and  the  ratio  of  potassium  chloride 
to  oxygen  thus  obtained.  The  amount  of  silver  necessary  to 
combine  with  the  chlorine  of  a  weighed  amount  of  potassium 
chloride  was  then  determined,  and  the  ratio  silver :  potassium 
chloride :  oxygen  thus  ascertained.  A  similar  series  of  ex- 
periments was  carried  out  with  the  sulphide  and  sulphate  of 
silver.  In  this  way,  then,  the  equivalents  of  silver,  chlorine, 
bromine,  iodine,  sulphur,  and  potassium,  relatively  to  oxygen, 
were  all  obtained,  and  these  were  used  by  Stas  for  the  deter- 
mination of  the  equivalents  of  sodium,  lithium,  lead,  and 
nitrogen. 

The  probable  error  in  the  mean  equivalent  of  silver  deduced 

>  Nouvelles  recherches  siir  les  lois  des  proportions  chimiques  ;  sur  les  poids 
atomiques  et  leur  rapports  mutuels  (Bruxelles,  1865). 
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from  these  five  sets  of  experiments  amounts  to  only  0'0034  per 
cent.  Recent  investigations,  however,  tend  to  show  that,  in 
spite  of  the  great  care  exercised  by  Stas,  certain  errors  were 
not  avoided,  and  that  the  numbers  obtained  by  him  require 
correction.  Within  the  last  six  or  seven  years  the  funda- 
mental ratios  have  been  subjected  to  very  careful  revision 
by  a  number  of  workers,  and  the  result  has.  been  that 
the  values  adopted  by  Stas  have  been  altered  to  a  slight 
extent.  The  most  probable  value,  for  example,  of  the  ratio 
Ag  :  AgCl  is  now  taken  as  100 :132-87,  instead  of  100  :  132-85, 
found  by  Stas.  The  adoption  of  corrected  values  for  the 
fundamental  ratios  has  rendered  necessary  alterations  in  those 
atomic  weights  which  have  been  calculated  with  the  aid  of  the 
ratios.  The  changes  which  have  been  agreed  on  are  all 
incorporated  in  the  table  of  atomic  weights  on  p.  2,  and  a 
summary  of  the  work  which  has  led  to  the  adoption  of  these 
changes  will  be  found  in  the  Reports  of  the  International 
Committee  on  Atomic  Weights.^ 

The  special  methods  adopted  for  the  determination  of  the 
equivalents  of  the  various  metals  will  be  found  under  their 
several  headings. 

11.  Selection  of  the  At(^mic  Weight. 

7  The  methods  already  described  (Vol.  I.,  p.  77)  for  the 
determination  of  the  atomic  weight  of  an  element  by  ascer- 
taining the  molecular  weights  of  a  number  of  its  compounds 
by  the  vapour  density  method,  and  then  finding  out  by 
comparison  the  smallest  amount  of  the  element  which  is  ever 
present  in  a  molecule,  may  be  applied  without  alteration  to  such 
of  the  metals  as  form  volatile  compounds.  Many  metals,  how- 
ever, form  such  a  small  number  of  volatile  compounds  that  the 
determination  of  the  atomic  weight  by  this  method  becomes 
unsatisfactory,  and,  of  course,  it  cannot  be  applied  at  all  to  such 
of  the  metals  as  do  not  form  volatile  compounds.  The  mole- 
cular weights  both  of  the  metals  themselves  and  of  their  com- 
pounds in  solution  in  various  solvents  may  in  certain  cases  be 
ascertained  either  by  the  cryoscopic  method  of  Raoult,  or  by  the 
boiling  point  method  (Vol.  I.,  p.  132). 

'  Proc.  Ohem.  Soc,  1906,  22,  2 ;  1907,  23,  2;  1908,  24,  2 ;  1909,  25,  3  ; 
Joum.  Chem.  Soc,  1909,  95,  2216  ;  1910,  97,  1861  ;  1911,  99,  1867;  1912, 
101,  1830. 
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In  cases  to  which  none  of  these  methods  can  be  applied 
chemists  are  guided  by  the  specific  heat  of  the  metal  and  its 
compounds,  its  general  relations  with  the  other  elements,  and 
the  isomorphism  of  its  compounds. 

Molecular  Weights  of  the  Compounds  of  the  Metals. 

8  The  most  volatile  among  the  compounds  of  the  metals 
are  the  organo-metallic  derivatives,  which  may  be  looked  upon 
as  compounds  of  the  metals  with  the  alcohol  radicals.  They 
are  usually  obtained  by  the  action  of  a  metal  on  an  organic 
iodide,  zinc-methyl,  for  example,  being  prepared  by  the  action 
of  zinc  on  methyl  iodide  : 

2Zn  +  2CH3I  =  Znl^  +  ZnCCHg).,. 

These  compounds  are  usually  liquids  which  boil  at  compara- 
tively low  temperatures,  and  their  vapour  densities  can  therefore 
be  determined  by  the  ordinary  methods,  except  that,  as  they 
are  very  readily  oxidised  and  are  usually  spontaneously  in- 
flammable, the  determinations  must  be  carried  out  in  an 
atmosphere  of  an  indifferent  gas,  such  as  nitrogen.  In  addition 
to  these  compounds  of  the  metals  with  the  alcohol  radicals,  the 
remarkable  compounds  of  nickel  and  iron  with  carbonic  oxide, 
and  the  metallic  derivatives  of  acetylacetone,  serve  for  the  same 
purpose.  Volatile  organic  compounds,  the  vapour  densities  of 
which  have  been  determined,  are  formed  by  the  following  metals  : 
Zn,  Hg,  Al,  Sn,  Pb,  Sb,  Bi,  Ge,  Mn,  Cr,  Co,  Mo,  Fe,  and  Ni. 

Further,  many  metals  form  halogen  compounds  which 
volatilise  at  moderate  temperatures,  and  the  vapour  density  of 
which  can  therefore  be  determined.  In  a  few  cases,  the  vapour 
density  of  the  metal  itself  has  been  found  to  be  of  value  in 
deciding  upon  the  atomic  weight. 

The  experimental  methods  of  ascertaining  the  vapour  density 
of  substances  which  are  volatile  only  at  high  temperatures 
differ  somewhat  from  those  ordinarily  employed.  The  older 
determinations  of  Deville  and  Troost,  Roscoe,  and  others,  were 
carried  out  by  Dumas's  method,  a  bulb  of  porcelain,  which  can 
be  sealed  by  means  of  the  oxy-hydrogen  jet,  being  used  for 
temperatures  above  that  at  which  glass  softens.  The  great 
difficulty  inherent  in  this  process  is  the  determination  of  the 
temperature,  which  must  be  known  with  considerable  accuracy. 
This  was  determined  either  calorimetrically,  by  the  aid  of  a 
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weighed  mass  of  platinum,  or  by  the  use  of  a  second  similar 
bulb  containing  iodine  or  mercury,  the  temperature  being  cal- 
culated from  the  amount  of  vapour  left  in  this  second  bulb 
under  the  conditions  of  the  experiment.  This  process  has  now 
been  superseded  by  that  of  Victor  Meyer,  which  was  originally 
introduced  for  this  purpose,  and  presents  the  great  advantage 
that  a  knowledge  of  the  temperature  of  the  experiment  is  not 
involved  in  the  calculation  of  the  results.  An  apparatus  con- 
structed of,  or  lined  with,  porcelain,  platinum,  or  iridium,  is 
employed,  and  is  heated  to  the  requisite  temperature  either  by 
the  vapour  of  some  substance  of  high  boiling  point,  or  by  a 
gas-  or  electric-furnace.  It  is  of  course  essential  that  the 
temperature  of  the  apparatus  be  maintained  constant  through- 
out the  duration  of  the  experiment.  The  air  in  the  apparatus 
is  usually  displaced  by  nitrogen,  to  prevent  the  oxidation  which 
would  otherwise  occur  in  many  cases  at  the  high  temperature 
employed.  A  modification  of  Victor  Meyer's  method,  suitable 
for  temperatures  about  2000°  C,  and  involving  the  use  of  very 
small  quantities  of  material,  has  been  devised  by  Nernst.^ 

The  interpretation  of  the  experimental  results  is  often 
rendered  difficult  by  the  complete  or  partial  dissociation  of  the 
compound,  either  into  two  similar  or  two  dissimilar  molecules. 
The  occurrence  of  this  is  rendered  evident  by  the  fact  that  the 
vapour  density  varies  with  the  temperature  at  which  it  is  deter- 
mined. Several  cases  of  this  kind  are  discussed  in  connection 
with  the  subject  of  valency. 


Atomic  Heat. 

9  The  specific  heat  of  a  body  is  the  ratio  of  the  quantity 
of  heat  required  to  raise  the  temperature  of  the  body  1°  to  the 
quantity  required  to  raise  that  of  an  equal  weight  of  water  1° 
(Maxwell).  The  amount  of  heat  needed  to  raise  a  kilogram  of 
water  through  100°  is  thirty-one  times  as  large  as  that  required 
to  raise  the  same  weight  of  platinum  through  the  same  interval 
of  temperature,  or,  in  other  words,  the  amount  of  heat  which 
raises  one  kilogram  of  water  through  100°  will  raise  thirty-one 
kilograms  of  platinum  over  the  same  range ;  hence  the  specific 
heat  of  platinum  is  said  to  be  /j;  =  0-032.  The  specific  heat 
of  the   same    substance  varies    considerably   under    different 

1  Zeil.  EleUrochem.,  1903,  9,  622. 
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physical    conditions    and    according  as  the  substance  is    solid, 
liquid,  or  gaseous. 

A  careful  determination  of  the  specific  heat  of  thirteen  of 
the  solid  elements  by  Dulong  and  Petit  in  the  year  1819  ^ 
showed  that  a  simple  relation  existed  between  the  chemical 
equivalent  and  the  specific  heat  of  these  substances.  When  the 
numbers  representing  these  two  quantities  for  each  element 
were  multiplied  together,  the  products  were  found  either  to 
be  equal,  or  to  stand  in  a  very  simple  ratio.  By  a  supposition 
analogous  to  that  made  by  Avogadro  with  respect  to  the 
combination  of  gases  by  volume,  Dulong  and  Petit  concluded 
that  the  specific  heat  of  the  metals  varied  inversely  as  the 
atomic  weight,  and  proposed  to  adopt  as  the  relative  atomic 
weights  of  the  metals  those  numbers  which,  multiplied  by  the 
specific  heat,  gave  a  constant  product.  Having  thus  modified 
the  atomic  weights  which  were  current  at  that  time,  the 
French  experimentalists  formulated  the  proposition  that  the 
atoms  of  different  elements  possess  the  same  capacity  for  heat,  or 
all  the  elements  have  the  same  atomic  heat.  Although  chemists 
at  the  time  acknowledged  the  importance  of  this  generalisation, 
they  did  not  regard  it  as  established  beyond  doubt,  inasmuch 
as  the  alterations  in  the  atomic  weights  introduced  by  Dulong 
and  Petit,  although  admissible  in  some  cases,  led  in  other 
respects  to  very  improbable  conclusions.  Moreover,  a  few  of 
the  elements  investigated  by  the  French  chemists  were  very 
impure,  so  that  the  specific  heats  which  they  obtained  were 
inexact.  Berzelius  very  properly  insisted  that  further  investiga- 
tion was  necessary,  and  added,^  "  If  we  attempt  to  apply  this 
idea  to  compound  bodies,  and  if  the  result  of  such  an  examina- 
tion confirms  the  views  of  Dulong  and  Petit,  this  discovery  will 
rank  as  one  of  the  most  important  parts  of  theoretical  chemistry.'' 

The  next  step  in  the  direction  thus  indicated  by  Berzelius 
was  made  by  F.  Neumann,^  who  showed  that  equivalent 
quantities  of  similarly  constituted  compounds  require  equal 
quantities  of  heat  to  raise  their  temperature  by  the  same 
amount,  and  that  this  equality  is  independent  of  difference  in 
crystalline  form ;  thus  calc-spar  and  aragonite  possess  the  same 
specific  heat.  Neumann,  however,  did  not  connect  this  discovery 
of  the  relation  between  the  specific  heats  of  the  compounds 
with  that  of  Dulong  and  Petit  respecting  the  specific  heats  of  the 

1  Arm.  Chim.  Phys.,  1819,  10,  395. 
2  Berzelius's  Jahresb.,  1822,  1,  19.  »  Pogg.  Ann.,  1831,  23,  1. 
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elements.  Only  by  degrees,  and  in  the  hands  of  numerous 
observers,  was  this  connection  established,  and  even  at  the 
present  day  it  cannot  be  said  that  the  subject  is  fully  investi- 
gated. The  researches  which  have  mainly  contributed  to  the 
development  of  the  subject  are  those  of  Hermann,  1834,  K.eg- 
nault,  1840,  De  la  Rive  and  Marcet,  1840,  Joule,  1844, 
Woestyn,  1845,  Garnier,  18-52,  Cannizzaro,  1858,  H.  Kopp, 
1864  ^  (whose  memoir  contains  an  historical  introduction  to  the 
whole  subject). 

It  is  especially  to  the  researches  of  Regnault  and  Kopp  that 
we  are  indebted  for  the  corroboration  of  the  results  of  the  earlier 
experiments  proving  that  the  rule  of  Dulong  and  Petit  is 
applicable  with  a  very  considerable  degree  of  accuracy  to  about 
forty  of  the  elementary  bodies,  when  the  mean  specific  heats 
of  the  solid  elements  between  0°  and  100°  are  employed. 
We  may,  therefore,  regard  those  weights  of  the  elements  as 
their  atomic  weights  which,  when  multiplied  into  the  specific 
heats  of  the  elements,  give  a  constant  number.  This  number 
represents  the  capacity  of  the  atom  for  heat,  or  the  atomic  heat 
of  the  element,  and  its  value  for  most  of  the  elements  lies 
near  6'3.  This  is  clearly  seen  if  we  multiply  the  specific  heats 
of  a   few  metals  by  their  corresponding  atomic  weights,  for 

example : — 

Specific 
heat. 

Lead    .     .     .     0-0310 

Platinum .     .     00323 

Silver  .     .     .     0-0562 

Tin.     .     .     .     00551 

■Zinc     .     .     .     00935 

This  relationship  may  therefore  be  employed  for  the  purpose 

of  controlling  the  determinations  of  atomic  weight  in  doubtful 

cases.     Amongst  those  elements  which  conform  to  the  theory 

are  in  the  first  place  the  metals,  and  then  certain  non-metals, 

such  as  bromine,  iodine,  selenium,  tellurium,  and  arsenic. 

The  following  table  shows  within  what  limits  the  atomic  heat 

of  the  different  elements  varies.     The  first  column  contains  the 

names  of  the  elements,  the  second  their  mean  specific  heats  for 

the  range  of  temperature  given  in  the  third,  the   fourth  the 

atomic  weight,  the  fifth  the  product  of  the  atomic  weight  into 

the  specific  heat,  and  the  sixth  the  names  of  the  observers  :— 

1  Amialen,  1864,  Suppl  3,  1. 
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Atomic            Atomic 

weight.              heat. 

X 

207-1     =     6-4 

X 

195-2     =     6-3 

X 

107-98   =     6-1 

X 

119-0     =     6-6 

X 

65-4     =     6-1 
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I. 

II. 

III. 

IV. 

V. 
6-5 

VI. 

Lithium     . 

0-9408 

27°  to 

99° 

6-94 

Regnault. 

Sodium 

0-2934 

-28     ,, 

6 

23-00 

6-7 

jj 

Magnesium 

0-2460 

18     „ 

99 

24-3 

6-0 

Voigt. 

Aluminium 

0-2189 

15     „ 

185 

27-1 

5-9 

Tilden. 

Phosphorus 

0-202 

13     „ 

36 

31  0 

6-3 

Kopp. 

Sulphur.    .    .    . 

0-1844 

15     „ 

97 

32-1 

59 

Regnault. 

Potassium .    . 

0-1662 

-78-5,, 

23 

39-1 

6-5 

Schiiz. 

Calcium 

0-149 

0     „ 

100 

40-1 

6-0 

Bernini. 

Titanium 

0-1125 

0     ,, 

100 

481 

5-4 

Nilson  and  Pettersson. 

Vanadium 

0-1153 

0     ,, 

100 

51-0 

5-9 

Mache. 

Chromium 

0-1208 

0     „ 

100 

52-0 

6-3 

,, 

Manganese 

0-1217 

14     „ 

97 

54-9 

6-7 

Regnault. 

Iron    . 

0-1162 

23     ,, 

100 

55-8 

6-5 

Trowbridge. 

Cobalt    .    . 

0-1030 

15     „ 

100 

59-0 

6-1 

Tilden. 

Nickel    . 

0-1084 

15     „ 

100 

58-7 

6-4 

jj 

Copper    .        .    . 

0-0936 

20     „ 

100 

63-6 

6-0 

Schmitz. 

Zinc 

0-0935 

0    „ 

100 

654 

6  1 

Bunsen. 

Gallium .    . 

0-079 

12     ,, 

23 

69-9 

5-5 

Berthelot. 

Germanium 

0-0737 

0    „ 

100 

72-5 

5-3 

Nilson  and  Pettersson. 

Arsenic  .       .    . 

0-0830 

21     „ 

68 

75-0 

62 

Bettendorf  &  Wiilker. 

Selenium    . 

0-0840 

22     ,, 

62 

79-2 

6-7 

^j 

Bromine 

0-0843 

-78     „ 

-20 

79-9 

6-7 

Regnault. 

Zirconium 

0-0660 

0    ,, 

100 

90-6 

6  0 

Mixter  and  Dana. 

Molybdenum 

0-0647 

20     „ 

100 

96-0 

6-2 

Stiicker. 

Ruthenium 

0-0611 

0     „ 

100 

101-7 

6-2 

Bunsen. 

Rhodium   . 

0-0580 

10    ,, 

97 

102-9 

60 

Regnault. 

Palladium      .    . 

0-0593 

10     ., 

100 

106-7 

6-3 

^ 

Silver     . 

0-0562 

15     „ 

100 

107-9 

6-1 

Bartoli  and  Stracciati. 

Cadmium  . 

0-0548 

0    ., 

100 

112-4 

6-2 

Bunsen. 

Indium  . 

0-0569 

0    ,. 

100 

114-8 

6-5 

Tin.    . 

0-0551 

20    „ 

109 

119-0 

6-6 

Spring. 

Antimony      .    . 

0-0495 

0    „ 

100 

120-2 

5-9 

Bunsen. 

Tellurium  .    .    . 

0-0483 

-15     „ 

100 

127-5 

6-2 

Tilden. 

Iodine    .        .    . 

0-0541 

9     „ 

98 

126-9 

6-9 

Regnault. 

Cfesium      .    .    . 

0-048 

0    „ 

26 

132-8 

6-4 

Erkaidt  and  Graefe. 

Lanthanum   .    . 

0-0448 

0     „ 

100 

139-0 

6-2 

Hillebrand. 

Cerium  . 

0  0448 

0     „ 

100 

140-2 

6-3 

Tantalum      .    . 

0-0363 

16     „ 

100 

181-5 

6-6 

von  Bolton; 

Tungsten 

0-0336 

0    „ 

100 

184-0 

6-2 

Maohe. 

Osmium 

0-0311 

19     „ 

98 

190  9 

5-9 

Regnault. 

Iridium  . 

0  0323 

18     ,, 

100 

1931 

6-2 

Behn. 

Platinum 

0-0323 

0 

100 

195-2 

6-3 

Bunsen. 

Gold   .... 

0-0316 

0     ,, 

100 

197-2 

6-2 

Violle. 

Mercury    .    . 

0-0319 

-78     „ 

-40 

200-6 

6  4 

Regnault. 
Schmitz. 

Thallium        .    . 

0-0326 

20    „ 

100 

204-0 

6-6 

Lead  . 

0-0310 

18     „ 

100 

207-1 

6-4 

Behn. 

Bismuth 

0-0304 

17     „ 

99 

208  0 

6-3 

Voigt. 
Nilson. 

Thorium    . 

0-0276 

0    „ 

100 

2.32-4 

6-4 

Uranium    .    .    . 

0-0280 

0    „ 

98 

238-5 

6-7 

Bliimcke. 

10  The  following  elements,  the  atomic  heats  of  which  are 
less  than  5,  have  been  omitted  from  the  foregoing  table : — 


ATOMIC   HEAT 
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I. 

II. 

III. 

IV. 

V. 

VI. 

Glucinum  .    .    . 

0-4246 

0°  to  100° 

91 

3-9 

Nilson  and  Pettersson. 

Boron         .    .    . 

0  3066 

0    , 

,    100 

11-0 

3-4 

Moissan  and  Gautier. 

Diamond    .    .    . 

0-1461 

0    , 

.     99-8 

12-0 

1-8 

Weber. 

Graphite    .    .    . 

01904 

0    , 

,     99 

12-0 

2-3 

)J 

Wood  charcoal 

0-1935 

0     , 

,     99 

12-0 

2-3 

Gas  carbon    .    , 

0-2040 

24     , 

,     68 

12  0 

2-4 

Bettendorf&Wminer. 

Silicon        .    .    . 

0-1730 

14     , 

,     97 

28-3 

4-9 

Regnault. 

These  elements  accordingly  possess  at  temperatures  between 
0°  and  100°  smaller  atomic  heats  than  correspond  to  Dulong  and 
Pe tit's  rule.  Weber's  investigations  ^  have  shown  that  the 
specific  heat  of  carbon  varies  very  considerably  with  the  tem- 
perature, but  that  above  a  certain  limit  of  temperature  it 
remains  constant  and  then  agrees  with  Dulong  and  Petit's 
rule;  this  is  seen  in  the  following  table,  in  which  the  true  specific 
heats  at  the  temperatures  quoted  are  given : — 


Temperature. 

Specilic  heat. 

Atomic  heat 

Diamond  .     .     .   —dO'B" 

0-0635 

0-76 

)j 

+  10-7 

0-1128 

1-35 

58-3 

01532 

1-84 

1400 

0-2218 

2-66 

2061 

0-2733 

3-28 

606-7 

0-4408 

5-29 

806-5 

0-4489 

5-39 

)> 

985-0 

0-4589 

5-51 

Graphite 

-50-3 

0-1138 

1-37 

)j 

+  61-3 

0-1990 

2-39 

641-9 

0-4454 

5-34 

977-9 

•    0-4670 

5-60 

Similar  results  have  been  obtained  in  the  case  of  silicon. 
The  specific  heat  of  this  element  increases  from  0-1360  at 
-39-8°  to  0-2029  at  232°,  above  which  it  appears  to  remain 
constant,  the  atomic  heat  then  being  5-7.  Boron  also  exhibits 
the  same  phenomenon,  the  specific  heat  increasing  from  0-1965 
at  -39-6°  to  0-3663  at  233°,  and  probably  becoming  constant  at 
500-600°. 

The  same  investigator  has  shown  also  that  the  allotropic 
modifications  of  a  substance  at  low  temperatures  possess  different 

1  On  the  Specific  Heat  of  the  Elements  Carbon,  Boron,  and  Silicon  (Stuttgart, 
1874). 
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specific  heats,  but  tiiat  this  difference  diminishes  as  the 
temperature  rises,  and  at  last  altogether  disappears.  For 
example,  Regnault  concluded  from  his  experiments  that  the 
specific  heat  of  amorphous  carbon  was  different  from  that  of 
the  two  other  modifications.  Weber  has,  however,  distinctly 
shown  that  this  is  not  the  case,  but  that  carbon  exists  in  only 
two  thermal  modifications,  (1)  opaque,  (2)  transparent.  These 
"thermal  differences  occur  only  at  low  temperatures,  and  when 
a  high  temperature  is  reached  no  variation  is  observed. 

II  From  the  table  (p.  18)  we  see  that  the  atomic  heats  of  the 
elements  differ  from  one  another  considerably,  even  within 
the  limits  of  temperature  at  which  these  values  have  been 
obtained.  Thus,  for  instance,  whilst  the  value  for  the  majority 
lies  between  61  and  6'6,  in  others  the  number  sinks  so  low  as 
5'3,  and  in  the  case  of  iodine  exceeds  6"7.  These  differences 
may  perhaps  in  some  instances  be  explained  by  the  fact 
that  the  substances  under  investigation  were  impure.  It 
must  also  be  remembered  that  the  specific  heat  of  most 
substances  varies  with  the  temperature,  and  the  researches 
of  Pionchon,^  Behn,^  Tilden,^  and  others,*  have  shown 
that  this  variation,  even  for  the  metals,  is  often  very  con- 
siderable. This  is  well  seen  in  the  following  table,  in  which 
the  true  specific  and  atomic  heats  of  a  number  of  metals  are 
given  for  a  series  of  temperatures  : —  ^ 


temperature. 

Aluminium. 

Nickel. 

Silver. 

Tellurium. 

Specific 

Atomic 

Specific 

Atomic 

Specific 

Atomic 

Specific 

Atomic 

heat. 

heat. 

heat. 

heat. 

heat. 

heat. 

heat. 

100° 

0-1226 

3-32 

0  0575 

3-37 

0  0467 

5-04 

0-0462 

5-89 

200 

0-1731 

4-69 

0-0878 

515 

0-0528 

5-70 

0-0471 

6-00 

300 

0-2053 

5-56 

0-1054 

6-18 

0-0558 

6-02 

0-0480 

6-12 

400 

0-2254 

6-11 

0-1168 

6-85 

0-0572 

6-17 

0-0489 

6-23 

500 

0-2384 

6-46 

0-1233 

7-24 

0-0581 

6-27 

0-0498 

6-35 

600 

0-2471 

6-70 

01275 

7-48 

0-0587 

6-33 

0-0507 

6-46 

700 

0-2531 

6-86 

0-1301 

7-63 

0-0590 

6-37 

0-0516 

6-58 

800 

— 

— 

0-1321 

7-75 

— 





900 

— 

0-1338 

7-85 

— 

— 

— 

— 

1  Compt.  rend.,  1886,  102,  1122. 

2  Ann.  Physik,  1901,  [4],  1,  257. 

3  Phil.  Trans.,  1900,  184,  23;  1903,  201,  38  ;  1904,  203,  143. 

*  Wigaiid,  Ann.  Physik,  1907,  22,  99;  Magnus,  ibid.,  1910,  31,  597; 
Richards  and  Jackson,  Zeit.  physikal.  Ohem.,  1910,  70,  414;  Sohimpff, 
ibid.,  1910,  71,  257. 

=  Tilden,  Journ.  Ohem.  Soc,  1905,  87,  555.  Here,  as  in  other  tables  of  this 
section,  the  values  of  the  atomic  heat  have  been  recalculated  on  the  basis  of 
the  revised  figures  for  the  atomic  weights  of  the  elements. 
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It  appears  from  this  that  no  better  agreement  is  obtained 
by  determining  the  specific  heat  at  a  temperature  at  which  the 
variation  with  temperature  is  small,  than  by  adopting  the  usual 
method  of  taking  the  mean  specific  heat  for  a  range  of  tempera- 
ture from  0°  to  100°. 

The  original  statement  of  Dulong  and  Petit  as  to  the  identity 
of  the  atomic  heats  of  the  elements  can  therefore  be  regarded 
as  only  a  rough  approximation,  applicable  mainly  to  the  metals 
between  0°  and  100°.i 

We  must  bear  in  mind  that  when  we  speak  of  specific  heat, 
we  really  refer  to  a  complex  quantity,  comprising  not  only 
the  heat  which  actually  goes  to  raise  the  temperature  of 
the  heated  body,  but  also  that  which  is  expended  in  performing 
external  or  internal  work,  such  as  expansion,  or  diminution  of 
the  cohesion  of  the  particular  body.  This  last  amount  of  heat 
is  different  for  different  substances,  whilst  the  first  amount  is 
theoretically  the  same  for  a  molecule  of  any  substance. 

The  above  generalisation  does  not  apply  to  liquid  or  gaseous 
elements  with  the  single  exception  of  mercury,  which  possesses 
almost  the  same  atomic  heat  in  the  liquid  as  in  the  solid  state. 

The  most  important  evidence  for  the  applicability  of  Dulong 
and  Petit's  rule  is  the  fact  that  the  results  deduced  from  it 
agree  with  those  deduced  from  Avogadro's  theory  for  those 
metals  which  form  volatile  compounds,  and  with  which,  there- 
fore, such  a  comparison  can  be  instituted. 

Molecular  Heat  of  Compounds. 

12  The  law  that  the  molecular  heat  of  a  compound  is  equal 
to  the  sum  of  the  atomic  heats  of  its  elements,  or  that  the 
atomic  heat  of  an  element  does  not  undergo  change  when  that 
element  enters  into  combination,  was  first  laid  down  by  Joule,^ 
but  its  experimental  verification  is  chiefly  due  to  Kopp.  The 
following  examples  will  illustrate  this : — 

Specific 
heat. 

Potassium  bromide  KBr  01070 

Mercuric  iodide       .  Rgl^  0-0423 

Lead  iodide  .     .     .  Pbl^  0-0427 

Lead  bromide    .     .  PbEr^  0-0533 

1  Compare   Lewis,  /.    Amer.   Chem.   Soc,   1907, 
Elektrochem.,  1911,  17,  265. 
=  Phil.  Mag.,  1844,  [3],  25,  334. 


Molecular  heat. 


Found. 

Calculated. 

12-7 

13-2 

19-2 

20-2 

19-7 

202 

19-6 

19-8 

29,   1165; 

Nerust,   Zeil. 
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This  agreement,  moreover,  is  maintained  at  varying  tem- 
peratures, so  that  the  specific  heat  of  each  of  the  elements  in  a 
compound  varies  with  the  temperature  in  the  same  way  as  it 
does  when  the  element  itself  is  heated.  This  is  shown  in  the 
following  table  for  nickel  telluride,  NiTe,  the  calculated  figures 
being  obtained  by  adding  together  the  atomic  heats  of  nickel 
and  tellurium  given  on  p.  20.^ 

Molecular  heat. 

, ' , 

Absolute  temperature.  Observed.         Calculated. 

100° 8-44  9-26 

200 11-43  1115 

300 12-50  12-30 

400 13-01  13-08 

500 13-24  13-59 

600 13-37  13-94 

700 13-45  14-21 

Hence  if  the  atomic  heat  of  a  solid  element  has  not  been 
determined,  it  may  be  calculated  from  the  molecular  heat  of  its 
compounds  with  other  elements  -whose  atomic  heats  are  known. 
In  this  way  the  atomic  heats  of  rubidium,  strontium,  barium, 
and  titanium  have  been  determined  at  various  times,  and  the 
values  so  found  agree  with  the  rule  which  compi-ises  all  the 
other  metals. 

Kopp  has  shown  also  that  the  elements  which  are  gases  at 
the  ordinary  temperature  possess  a  constant  atomic  heat  in 
their  various  solid  compounds.  On  this  basis  the  atomic  heat 
of  chlorine  has  been  found  to  be  5-9,  that  of  nitrogen  5-3,  of 
fluorine,  5-0,  of  oxygen  4-0,  and  of  hydfogen  23.  The  following 
examples  illustrate  this  point : — 

Molecular  heat. 

Specific  . ^ , 

heat.  Found.    Calculated. 

Silver  chloride     .     .  AgCl        0-089  127         12-0 

Zinc  chloride  .     .     .  ZnCl^       0-136  18-5         17-9 
Potassium      platini- 

chloride  ....  KgPtClg   0-118  57-4         54-7 

Ice Rfi         0-478  8-6  8-6 

Mercuric  oxide    .     .  HgO        0-048  10-4         10-4 

Calcium  carbonate   .  CaCOa     0-206  20-6  20-7 

Potassium  sulphate  .  K^SO^     0-196  34-2         34-9 

Hexachlorethane      .  CjClg        0-177  41-9         39-2 

1  Tilden,  Journ.  Ghem.  Soc,  1905,  87,  557. 
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Kopp  has  moreover  proved  that  the  elements  boron,  silicon, 
and  carbon  possess,  in  combination,  the  same  atomic  heat  as  in 
the  free  state,  at  temperatures  below  100°C.  This  renders  it 
probable  that,  if  we  could  obtain  the  specific  heat  of  oxygen 
and  hydrogen  compounds  at  a  high  temperature,  the  atomic 
heats  of  these  elements  would  exhibit  the  same  sort  of  alteration 
which  has  been  proved  to  occur  in  the  case  of  carbon,  silicon, 
and  boron. 

In  the  case  of  oxygen  such  a  change  has  actually  been 
deduced  from  experiments  on  the  specific  heats  of  the  metallic 
oxides  by  Tilden,  who  has  calculated  from  the  temperature 
variation  of  the  specific  heat  of  alumina,  Al^Og,  that  the 
atomic  heat  of  combined  oxygen  is  1'9  at  100°  Abs.,  3-3  at  300°, 
3-8  at  500°,  and  4-0  at  700°.  These  results  lead  to  the  value  3 
for  the  atomic  heat  of  combined  oxygen  at  about  0°  C,  and 
hence  it  follows,  since  the  specific  heat  of  ice  between  —78° 
and  0°  is  0'47,  that  the  atomic  heat  of  combined  hydrogen  is 
2"7.  These  numbers  differ  somewhat  from  those  of  Kopp 
given  above. 

13  Taking  into  consideration  the  results  thus  deduced  from 
the  molecular  heats  of  compounds,  it  appears  that  the  elements 
which  possess  an  exceptionally  small  atomic  heat  at  tempera- 
tures below  100°  have  low  atomic  weights  and,  with  the 
exception  of  glucinum,  are  non-metals  (see  p.  9).  All  the  non- 
metals  whose  atomic  weights  are  high,  as  well  as  the  remaining 
metals,  agree  approximately  with  Dulong  and  Petit's  rule 
below  100°C. 

14  As  instances  of  the  employment  of  the  atomic  heat  in 
selecting  the  atomic  weight,  the  following  may  be  quoted. 

Thallium  shows  many  analogies  on  the  one  hand  with  the 
alkali  metals,  and  on  the  other  with  lead,  and  it  was  for  some  time 
a  matter  of  doubt  whether  the  lower  chloride  should  be  formu- 
lated as  TlClj,  in  which  case  the  atomic  weight  would  be  405-2, 
or  as  TlCl,  the  atomic  weight  being  then  202-6.  Eegnault 
found  the  specific  heat  of  thallium  to  be  00335,  and 
thus  decided  the  question  in  favour  of  the  latter  view,  since 
0-0335x202-6  =  6-8. 

A  similar  instance  occurs  in  the  case  of  indium,  the  chloride 
of  which  contains  38-3  parts  by  weight  of  meta!  to  35-46  parts 
by  weight  of  chlorine.  Indium  has  a  very  considerable 
resemblance  to  zinc  and  cadmium,  and  for  this  reason  the 
chloride  was  supposed  to  have  the  formula  InClj,  giving  an 
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atomic  weight  of  76-6  to  the  metal.  In  1870  Bunsen  i  ascer- 
tained by  means  of  his  ice  calorimeter  that  the  specific  heat  of 
indium  is  0-057.  Now  0-057  X  76-6  =  4-4,  or  only  two-thirds  of 
the  atomic  heat  of  the  other  metals.  Hence  we  must  assume 
that  the  true  atomic  weight  of  the  metal  is  76-6  xf  =  114-8. 
This  gives  the  formula  for  the  chloride,  InClg,  which  has  been 
confirmed  by  the  vapour  density. 

The  example  of  uranium  may  also  be  quoted.  At  one  time 
this  metal  was  supposed  to  have  an  atomic  weight  of  about 
119,  and  to  resemble  iron  in  its  chemical  characteristics,  its 
oxides  being  assigned  the  formulae  UO  and  UgOg.  At  a  later 
period,  however,  it  was  found  that  the  chemical  relations  of  the 
metal  agreed  better  with  the  atomic  weight  236-7,  according  to 
which  its  oxides  would  be  UOg  and  UOg.  This  conclusion  was 
confirmed  by  Zimmermann,  who  found  its  specific  heat  to  be 
0-0276,  its  atomic  weight  therefore  being  about  238.^ 

Isomorphism. 

15  An  account  of  the  general  phenomena  of  isomorphism 
will  be  found  under  "  Crystallography."  As  briefly  mentioned 
in  the  historical  introduction  (Vol.  I.,  p.  42),  Mitscherlich  was 
the  first  to  perceive  that  substaCnces  which  are  similar  in  crystal- 
line form  are  similar  also  in  chemical  composition  ;  he  concluded 
from  his  observations  that  the  same  number  of  atoms  combined 
in  the  same  way  produces  the  same  crystalline  form,  this  latter 
being  independent  of  the  chemical  nature  of  the  atoms  and 
depending  only  on  their  number  and  relative  position.  He 
pointed  out  soon  afterwards  that  this  relation  might  be  employed 
for  the  determination  of  the  relative  combining  weights  of  two 
elements  or  compounds.  Thus,  having  found  that  potassium 
sulphate  and  potassium  selenate,  which  crystallise  in  the 
rhombic  system,  are  isomorphous,  he  concluded  that  selenic 
acid  (the  anhydride)  would,  like  sulphuric  acid,  contain  three 
times  as  much  oxygen  as  the  base  with  which  it  was  combined 
in  the  salt  in  question,  this  conclusion  being  afterwards  con- 
firmed by  analysis. 

At  the  time  when  Mitscherlich  first  stated  his  theory  of  the 
relation  between  atomic  composition  and  crystalline  form,  the 
only  available  means  of  ascertaining  the  atomic  weights  of 
the  metals    was   that   provided  by   Dulong  and  Petit's   rule, 

1  Phil.  May.,  1871,  [4],  41,  161,  392.  2  AnnaUn,  1885,  232,  299. 
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which  had  been  applied  only  to  some  thirteen  elements. 
The  rule,  moreover,  had  not  at  that  time  been  extended 
to  the  molecular  heat  of  compounds,  and  hence  the  atomic 
weights  of  a  large  number  of  metals  could  be  determined 
only  by  analogy,  or  by  arbitrary  assumptions.  Under  these 
circumstances  Mitscherlich's  theory  of  isomorphism  proved 
of  great  importance,  and  was  at  once  applied  by  Berzelius  to 
the  determination  of  the  atomic  ratios  of  such  elements  as 
chromium,  titanium,  etc.  Thus  the  ratio  of  the  amounts  of 
oxygen  in  chromium  sesquioxide  and  chromic  anhydride  per 
unit  of  chromium  was  known  to  be  1 :  2,  the  simplest  expression 
of  which,  according  to  the  Daltonian  system,  would  be  by  the 
formulae  CrO  and  CrOg,  although  Berzelius  formulated  them  for 
other  reasons  as  CrOg  and  CrOg.  Chromium  sesquioxide,  however, 
is  isomorphous  with  ferric  oxide,  iron  being  an  element  the 
atomic  weight  of  which  had  been  determined  by  the  specific  heat 
method,  and  hence  the  formula  Cr^Og  was  given  to  it.  Chromic 
anhydride  thus  became  CrOg,  which  is  in  full  agreement  with 
the  fact  that  the  chromates  are  isomorphous  with  the  sulphates, 
sulphuric  anhydride  having  been  formulated  by  Berzelius  on 
independent  grounds  as  SO3. 

At  present  the  isomorphous  relations  of  the  compounds  of  an 
element  only  supply  additional  confirmation  of  the  atomic 
weight,  which  has  now  been  deduced  for  every  element 
either  from  the  molecular  weight  of  its  compounds,  from  the 
atomic  heat  of  the  element  itself,  from  the  molecular  heat  of  its 
compounds,  or  from  the  ratio  of  the  specific  heat  of  the  element 
at  constant  pressure  to  that  at  constant  volume  (Vol.  I.,  p.  135). 

The  elements  may  be  grouped  into  the  following  series,^  the 
members  of  which  form  isomorphous  compounds.  Elements 
which  form  several  series  of  compounds  are  often  found  in  a 
corresponding  number  of  isomorphous  series,  the  isomorphous 
relations  of  one  type  of  compound  being  different  from  those  of 
another. 

(1)  (a)  K,  Rb,  Cs,  Tl,  (NH,). 
(b)  Li,  Na,  Ag. 

(2)  (a)  Gl,  Mg,  Zn,  Cd,  Mn,  Fe,  Co,  Ni,  Os,  Ru,  Pd,  Pt,  Cu. 
(b)  Ca,  Sr,  Ba,  Pb,  Ra. 

1  Arzruni,  Physikalische  Ohemie  der  Krysialle  (Vieweg,  1895).  Sonder- 
abdruck  aus  Graham-Otto's  Ausfiihrliches  Lehrbuch  der  Chemie,  1  Band, 
3  Abtheilung.  See  also  Groth,  EinUitung  in  die  chemische  Krystallographie, 
pp.  48-53  (Engelmann,  Leipzig,  1904),  or  the  English  translation  of  this 
volume,  Introduction  to  Chemical  Crystallography,  (191)6). 
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(3)  La,  Di,  Yt,  Ce,  Er. 

(4)  Al,  Fe,  Cr,  Co,  Mn,  Ir,  Rh,  Ga,  In,  (Ti). 

(5)  Cu,  Hg,  Pb,  Ag,  Au. 

(6)  Si,  Ti,  Ge,  Zr,  Sn,  Pb,  Th,  Mo,  Mn,  U,  Ru,  Rh,  Ir,  Os,  Pd, 

Pt,  Fe. 

(7)  N,  P,  As,  V,  Sb,  Bi. 

(8)  Cb,  Ta. 

(9)  S,  Se,  Cr,  Mn,  Mo,  W,  As,  Sb,  Fe,  Te  (?). 
(10)  F,  CI,  Br,  I,  Mn;  (CN). 

No  cases  of  isomorphism  have  as  yet  been  observed  among 
the  compounds  of  the  following  elements : 

H,  B,  Sc,  C,  and  0. 

The  details  of  the  isomorphous  compounds  of  the  metals  in- 
cluded in  the  above  series  will  be  found  under  the  several 
metals. 

The  Molecular  Weights  of  the  Metai-s. 

1 6  The  metals  as  a  rule  boil  at  exceedingly  high  tempera- 
tures, and  up  to  the  present  it  has  for  this  reason  been  found 
possible  to  obtain  definite  results  with  the  vapour  densities  of 
zinc,  cadmium,  mercury,  silver,  antimony,  bismuth,  lead  and 
thallium  only.^  The  results  obtained  indicate  that  the  molecules 
of  these  metals  are  monatomic,  although  it  should  be  noted  that 
the  values  obtained  for  the  vapour  densities  of  the  four  last 
metals  are  all  somewhat  higher  than  would  be  expected  on  that 
basis.  The  vapour  densities  of  potassium  and  sodium  have 
been  determined  only  approximately,  since  the  vapours  of  these 
metals  attack  the  material  of  which  the  apparatus  is  constructed. 
The  results,  however,  point  to  the  conclusion  that  these  two 
metals  form  monatomic  molecules. 

The  molecular  weights  of  many  of  the  metals  have  been 
determined  also  by  the  cryoscopic  and  vapour-pressure  methods 
of  Raoult  (Vol.  I,  pp.  132-5).  These  experiments  render  it 
probable  that  in  nearly  all  cases  the  molecules  of  the  metals 
are  identical  with  their  atoms.  When  tin  is  used  as  a  solvent 
for  the  metals  Ni,  Ag,  Au,  Cu,  TI,  Na,  Pd,  Mg,  Pb,  Zn,  Cd,  Hg, 
Bi,  and  Ca,  the  solutions  which  are  formed  behave  on  cooling  in 
the  same  manner  as  dilute  solutions  of  non-electrolytes  in  water 

1  Biltz  and  Meyer,  Zeit.  physikal.  Chem.,  1889,  4,  264  ;  Biltz,  ibid.,  1896,  19, 
385;  Wartenberg,  Ber.,  1906,  39,  381  ;  Zeit.  anory.  Chem.,  1907,  56,  320. 
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(loc.  cit.).  Atomic  proportions  of  these  metals,  when  added  to  a 
fixed  amount  of  tin,  so  as  to  form  a  dilute  solution  of  the  metal, 
all  lower  the  freezing-point  of  tin  to  the  same  extent.  Further, 
the  amount  of  the  depression  agrees  with  that  calculated  from 
theoretical  considerations,  on  the  assumption  that  the  molecular 
weights  of  the  dissolved  metals  are  identical  with  their  atomic 
weights.  The  numbers  obtained  for  indium  and  aluminium 
seem,  however,  to  indicate  that  the  molecules  of  these  metals 
contain  two  atoms.^  The  freezing  points  and  vapour  pressures 
of  solutions  of  the  metals  in  mercury  have  also  been  examined, 
and  lead  to  similar  conclusions,  although  the  results  obtained 
are  not  so  regular  as  when  tin  is  the  solvent.^ 

17  The  identity  of  atom  and  molecule  has  been  confirmed  in 
the  case  of  mercury  vapour  by  the  determination  of  the  ratio  of 
the  specific  heat  at  constant  pressure  to  that  at  constant  volume 
(see  Vol.  I.,  p.  135).  In  the  same  way  it  has  been  shown  that 
the  molecules  of  sodium  and  potassium  in  the  state  of  vapour 
are  monatomic.^ 
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18  In  connection  with  the  non-metallic  elements  it  has 
already  been  pointed  out  (Vol.  I.,  p.  145)  that  the  atoms  of  these 
elements  differ  in  the  number  of  hydrogen  atoms  with  which 
they  can  combine.  This  varying  combining  power  of  the  ele- 
ments is  known  as  valency  or  quantivalence,  and  the  elements 
are  described  as  monovalent,  divalent,  trivalent,  or  tetravalent 
(univalent,  bivalent,  tervalent,  or  quadrivalent),  or  as  monads, 
dyads,  triads,  or  tetrads,  according  as  they  combine  with  one, 
two,  three,  or  four  atoms  of  hydrogen.  This  is  expressed  also 
by  saying  that  each  of  these  elements  has  one,  two,  three,  or 
four  units  of  affinity  or  hands,  and  in  combination  with  hydrogen 
each  of  these  is  satisfied  by  combining  with  the  single  unit  of 
affinity  of  the  latter.  This  is  graphically  expressed  in  the 
following  formulae,  the  mutual  bond  of  affinity  being  represented 
by  the  straight  line  connecting  the  two  atoms  : 

1  Heyoock  and  Neville,  Joiirn.  Chem.  Soc,  1890,  57,  376. 

2  Tammann,  Zeit.  physihal.  Chem.,  1889,  3,  441  ;  Ramsay,  Journ  Chem.  Soc, 

1889,  55,  521. 

3  Robitzsch,  Ann.  Physik,  1912,  38,  1027. 
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\h 

\h 

S< 

\h 

AsC  H 

\g 

\H 

\h 

Te( 

\h 

\h 

H— F 


H— CI 


H— Br 


H— 1 


The  further  investigation  of  the  non-metallic  elements  has 
shown  that  similar  relationships  are  to  be  found  in  their  com- 
pounds with  elements  other  than  hydrogen.  Thus,  in  the 
compounds  mentioned  above,  the  hydrogen  may  be  replaced 
by  other  elements,  and  it  has  been  found  that  those  elements 
which  combine  with  only  one  atom  of  hydrogen  are  able 
to  replace  only  one  atom  of  that  element,  whilst  the  divalent 
elements  are  able  to  replace  two  atoms,  the  trivalent  three,  and 
so  forth.  Thus,  if  we  take  the  compound  of  carbon  and  hydrogen, 
CH^,  we  can  replace  one  or  more  atoms  of  hydrogen  by  an  equal 
number  of  chlorine  atoms,  two  or  four  atoms  by  one  or  two 
atoms  of  oxygen,  and  three  atoms  by  an  atom  of  nitrogen,  the 
graphic  formulae  of  the  compounds  obtained  being  given  below : — 

yC\  /CI  0  0  N 

C<{?  C<^^  C^H  C(  Cf 

\g  \g  \h  "^O  \h 

Methyl  Methylene  Form-  Carbon         Hydrooyauic 

chloride.  chloride.  aldehyde.  dioxide.  acid. 

From  these  and  many  other  sraiilar  facts,  the  conclusion  was 
at  first  drawn  by  some  chemists  that  the  valency  of  an  element  is 
a  constant  property,  and  remains  the  same  in  all  compounds  which 
it  forms.  As  the  number  of  the  compounds  whose  true  molecular 
weights  were  ascertained  became  larger,  it  was  found,  however, 
that  this  view  could  not  be  maintained  without  modification. 
Thus  phosphorus,  which  forms  the  hydride  PH3,  yields  two 
chlorides,  PCI3  and  PCI5,  and  as,  in  the  latter,  it  is  combined 
with  five  monovalent  atoms,  it  must  in  this  case  be  pentavalent, 
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whilst  in  PCI3  and  PH3  it  is  trivalent.  Upholders  of  the  theory 
of  constant  valency  denied  that  phosphorus  pentachloride  was 
a  true  compound, and  regardedit  as  a.molecular  compound oiPCl^ 
and  CI2,  analogous  to  a  salt  containing  water  of  crystallisation, 
basing  this  view  on  the  fact  that  when  phosphorus  penta- 
chloride is  volatilised  it  decomposes  into  these  two  portions. 
It  was  then  shown  that  by  suitable  means  the  penta- 
chloride may  be  volatilised  without  decomposition,  and  that 
its  vapour  density  then  corresponds  with  the  formula  PClg. 
Further,  a  phosphorus  pentafluoride  has  been  discovered  which 
is  gaseous  at  the  ordinary  temperature,  and  has  the  molecular 
formula  PF^.  The  valency  of  phosphorus,  therefore,  towards 
the  halogens  cannot  be  regarded  as  constant. 

Again,  the  two  chief  oxides  of  sulphur  have  the  formulae  SO.j 
and  SO3,  and  on  the  assumption  that  sulphur  and  oxygen  are 
both  divalent  the  constitutional  formulae  were  written : — 

O  0. 

S<   I  s<     >0. 

Among  the  oxygen  compounds  of  chlorine  we  are  acquainted 
with  four  oxy-acids  having  the  formulae  HCIO,  HClOj,  HCIO3, 
and    HCIO4,  the  constitutions   of   which    were    represented  as 

follows : — 

H— 0-Cl 
H— 0—0— CI 
H— O— 0— 0— 01 
H— 0—0— 0—0— CI. 

In  all  these  cases,  however,  another  interpretation  is  possible, 
namely,  that  the  divalent  oxygen  is  connected  directly  with 
the  sulphur  or  chlorine  atom,  the  valency  of  the  latter  varying 
in  the  different  cases,  as  shown  in  the  following  formulae  : — 


^0 

0  = 

Cl-O-H 
0=C1— 0— H 

^Cl— 0— H 
0^ 

0— CI    0    H. 

o^ 
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In  such  cases,  it  must  be  remembered  (see  Vol.  I.,  p.  147), 
it  is  only  after  the  constitution  of  a  compound  has  been 
ascertained  that  the  valency  of  the  component  atoms  can  be 
deduced. 

No  definite  proof  has  hitherto  been  obtained  of  the  correct- 
ness of  either  view,  but  the  balance  of  evidence  is  strongly  in 
favour  of  the  latter,  as  it  is  found  that  those  compounds  which 
can  be  proved  to  contain  oxygen  atoms  directly  combined  to- 
gether in  the  manner  shown  in  the  first  series  of  formulee, 
such  as  hydrogen  peroxide,  are  extremely  unstable.  It 
is,  moreover,  probable  that  the  longer  the  chain  of  oxygen 
atoms,  the  less  would  be  the  stability  of  the  compound,  whereas, 
in  reality,  the  stability  of  the  oxy-acids  of  chlorine  increases 
with  the  number  of  oxygen  atoms  in  the  molecule.  Sulphur, 
again,  is  undoubtedly  a  hexad  in  the  hexafiuoride,  SFg,  which 
is  a  very  stable  gas,  whilst  in  the  highest  compound  which  has 
been  obtained  with  chlorine,  SCl^,  it  is  a  tetrad.  Oxygen, 
moreover,  which  is  usually  a  dyad,  is  probably  a  tetrad  in  the 
salts  which  many  organic  oxygen  compounds  form  with  acids, 
and  which  are  termed  oxonium  salts.  It  is  now,  therefore, 
generally  supposed  that  the  valency  of  an  element  is  not  a 
constant,  but  a  variable,  property. 

It  will,  however,  be  noticed  that  in  the  above  cases  there 
is  a  certain  regularity  in  the  variation,  the  valency  of  an 
element  being  always  represented  by  either  an  odd  or  even 
number,  and  in  the  great  majority  of  the  compounds  of  the 
non-metallic  elements  the  same  rule  holds.  Even  to  this 
there  are  a  few  notable  exceptions,  such  as  nitric  oxide, 
NO,  in  which  nitrogen  behaves  as  a  dyad  instead  of  as  a 
triad  or  a  pentad,  whilst  in  chlorine  peroxide,  whose  formula  has 
been  proved  ^  to  be  ClOj,  chlorine  is  a  tetrad. 

19  When  we  consider  the  compounds  of  the  metals,  it  is  found 
that  the  relations  become  still  more  complex  than  is  the  case  with 
the  non-metals.  It  is  only  in  recent  years  that  any  very  definite 
conclusions  could  be  drawn  on  this  point,  as  until  then  the  true 
molecular  weights  of  very  few  metallic  derivatives  were  known, 
these  having  for  the  most  part  such  high  boiling  points  that  the 
vapour  density  of  very  few  of  them  had  been  determined. 
The  improved  methods  of  determining  vapour  densities  at 
high    temperatures,   due    chiefly   to   Victor    Meyer    and    his 

'  Pebal  and  Schaoherl,  Annalen,  1882,  213,  113. 


VALENCY 


31 


pupils/  have,  however,  considerably  enlarged  the  material  at  our 
disposal,  and  the  results  have  necessitated  some  modification 
of  the  older  views. 

None  of  the  metals  combines  with  hydrogen  to  form  a 
volatile  compound,  and  hence  their  valency  towards  this  element 
cannot  be  determined.  Many  metals,  however,  form  volatile 
compounds  with  the  monovalent  alcohol  radicals  (p.  14).  These 
compounds  may  be  regarded  as  substituted  metallic  hydrides, 
and  serve  also  for  the  determination  of  the  valency  of  such 
metals  as  form  them.  The  table  below  gives  the  constitutional 
formulse  of  some  of  the  compounds  of  non-metals  with  hydrogen 
and  alcohol  radicals,  and  of  a  number  of  the  metallo-organic 
compounds  the  vapour  densities  of  which  have  been  ascer- 
tained : — 


Hydrogen 
chloride 

H 


CI 


Water. 


0 


\ 


H 


Ammonia. 


Silicon  hydride. 


Methy 
chloride. 

CH3 

CI 


Methyl 
oxide. 


0 


\ 


.CH3 

CH, 


Silicon 
Trimethylamine.      tetramethyl. 

,CH,  /p^^' 


NfCH3        Si< 


CH3 

CH3 

\CH,, 


Zinc  methyl. 


Zn 


^CHg 


\ 


CH, 


Antimony 
methyl. 

/CH3 

Sb^CHg 

\CH, 


Tin 
tetramethyl, 

/CH3 

o  '^CHo 

^^<ch; 

\CH, 


Hg 


Mercury 
methyl. 

,CH, 


\ 


CH, 


Ahiminium 
methyl. 

Al^CHg 

\CH, 


Lead 

tetramethyl. 

^CHg 

^'^<CH3 
\CH, 


The  vapour   densities   of 
as  wel    as  of  a  few  iodides. 


a   number   of  metallic   chlorides, 
have  now  been  determined.     The 


^  Pyrochemische   Untersuchungen, 
Ber.,  1880-1890. 


1884   (Vieweg) ;   and  numerous  papers, 
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molecular   formulse  based  on  the  vapour   densities   are  given 
below : — 

I.  II.              III.              IV.                V.               VI. 

NaCl  GICL  AICI3         TiCl,         GhC\,        WClg 

KCl  CrClj  CrClg         VCi,          TaClg 

KI  FeCl.,  FeClg         GeCl,        MoClg 

KbCl  CU2CI2  GaClg        SnCl,        WCI5 

CsCl  ZnCl,  InClg         ZrCl^ 

Csl  GaCi;  SbClg        UCl, 

AgCl  SnCU  BiClg 

InCl  InCU' 

TlCl  HgCl^ 
PbCl^ 

20  A  definite  conclusion  as  regards  the  molecular  formula 
of  a  compound  can  be  drawn  from  its  vapour  density  only 
when  the  latter  remains  constant  through  a  considerable  range 
of  temperature.  In  many  instances  the  vapour  density 
diminishes  gradually  with  rise  of  temperature,  and  attains  a 
constant  value  only  at  temperatures  considerably  above  the 
boiling  point.  The  same  fact  has  been  observed  with  substances 
boiling  at  comparatively  low  temperatures,  such  as  acetic  acid. 
This  appears  to  indicate  the  presence  in  the  vapour  of  a  certain 
proportion  of  heavier  molecules  which  gradually  decompose  as 
the  temperature  rises.  Thus  the  first  determination  of  the 
vapour  density  of  ferric  chloride,  made  by  V.  and  C.  Meyer,^ 
agreed  approximately  with  the  formula  FejClg.  Subsequently, 
V.  Meyer  and  Griinewald  showed  ^  that  the  vapour  density  of 
ferric  chloride  is,  even  at  448°,  rather  lower  than  corresponds  to 
the  formula  FcjClg,  and  that,  as  the  temperature  rises,  the 
density  gradually  becomes  less,  until  at  750°  the  value  agrees 
closely  with  the  formula  FeClg,  and  remains  constant  up  to 
1,077°. 

At  temperatures  above  448°  a  certain  amount  of  the  ferric 
chloride  is  dissociated  into  ferrous  chloride  and  chlorine,  but 
at  448°  no  decomposition  of  this  character  takes  place,  and  even 
here  the  vapour  density  is  smaller  than  that  required  by  the 
formula  FegClg ;  hence,  at  temperatures  not  far  above  the  boiling 
point,  a  number  of  the  molecules  must  have  a  smaller  molecular 
weight  than  the  above,  i.e.,  they  must  have  the  formula  FeClg. 

Another  instance  of  a  similar  kind  js  furnished  by  aluminium 
chloride ;  the  older  experiments  of  Deville  and  Troost  in  1857 

'  Ber.,  1879,  12,  1195.  2  Ber.,  1888,  21,  687. 
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gave  the  vapour  density  at  9'3,  corresponding  to  the  formula 
AlgClg.  Nilson  and  Pettersson,^  in  repeating  this  determin- 
ation in  1887  at  higher  temperatures,  obtained  the  following 
numbers : — 


Temperature. 

Vapour  density. 

440° 

7-789 

758 

4'802 

835 

4-542 

943 

4-557 

1,177 

4-269 

1,244 

4-247 

1,260 

4-277 

The  calculated  value  for  the 

formula  Al^Clg  is 

9-2, 

and 

for 

[CI3,  4-6. 

Further  examples  of  this  change  of  density  are  afforded  by 
stannous  chloride  and  ferrous  chloride ;  in  both  cases  the 
density  at  lo-w  temperatures  is  less  than  that  required  by  the 
double  formulae  Sn^Cl^,  Fe^Cl^,  although  greater  than  that 
needed  by  the  simpler  formulae  SnClj,  FeClg ;  at  higher  tem- 
peratures, however,  constant  values  corresponding  to  the 
simpler  formulae  are  obtained.  Chromic  chloride  has  been  likewise 
proved  to  have  the  formula  CrClj,  and  glucinum  chloride  to  be 

GICI2. 

The  vapour  density  of  cuprous  chloride,  on  the  other  hand, 
was  found  by  V.  and  C.  Meyer  ^  to  correspond  to  the  formula 
CU2CI2,  both  at  a  bright  red  heat,  and  at  a  white  heat.  The 
vapour  density  of  silver  chloride  has  also  been  determined  by 
Biltz  and  V.  Meyer,^  and  though,  as  might  be  expected,  the 
numbers  obtained  at  the  high  temperature  necessary  (1,735°) 
are  not  very  exact,  they  are  sufficient  to  indicate  that  the 
molecular  formula  is  AgCl,  and  not  Ag2Cl2. 

The  conclusion  to  be  drawn  from  these  results  is  that  the 
chlorides  of  variable  vapour  density  have  the  simpler  formulae  at 
high  temperatures,  but  that  as  the  temperature  falls  combina- 
tion or  association  occurs  between  the  molecules.  It  is  not 
improbable  that  in  many  cases  the  molecules  of  the  fused  or 
solid  substance  are  more  complex  than  those  of  the  gas.  This 
has  already  been  shown  experimentally  for  some  liquids  (Vol.  I., 

1  Zeit.  physikal.  Chem.,  1887,  1,  463. 

^  Ber.,  1879,  12,  1283 ;  Biltz  and  Meyer,  Zeit.  anorg.  Chem.,  1897,  15,  40. 
»  Zeit.  phyiikal.  Chem.,  1889,  4,  249. 
VOL.  II.  ^ 
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p.  117),  and  the  extension  of  the  same  method  to  fused  salts 
has  led  to  analogous  results.'^ 

21  The  application  to  aqueous  salt  solutions  of  the  methods 
for  ascertaining  the  molecular  weight  of  substances  in  solution  by 
the  depression  of  the  freezing  point  and  elevation  of  the  boiling 
point  (Vol.  I.,  p.  132)  is  complicated  by  the  fact  that  most  salts 
undergo  electrolytic  dissociation  in  aqueous  solution.  The 
general  result  obtained,  when  allowance  is  made  for  this  by  the 
determination  of  the  electrical  conductivity  (Vol.  I.,  p.  124),  is 
that  in  most  cases  salts  have  a  molecular  formula  identical  with 
the  empirical  formula.  When  salts  are  dissolved  in  liquids  in 
which  ionisation  does  not  occur,  or  occurs  only  to  a  very  small 
extent,  the  results  obtained  point  also,  as  a  rule,  to  the  simple 
formulae,  but  in  many  cases  evidence  is  obtained  of  molecular 
association,  or  combination  between  two  or  more  molecules,  and 
the  results  are  found  to  vary  with  the  solvents  employed.^ 

The  identity  of  the  molecular  and  empirical  formulae  of  many 
chlorides  has  also  been  confirmed  by  the  determination,  by  the 
vapour  pressure  method,  of  their  molecular  weights  when 
dissolved  in  boiling  bismuth  chloride ;  in  this  solvent  very 
little  electrolytic  dissociation  occurs,  owing  to  the  fact  that  the 
chlorine  atom  is  common  to  both  the  solvent  and  the  dissolved 
substance.  All  the  chlorides  examined  had  under  these  circum- 
stances at  447°  the  simple  formula  containing  only  one  atom  of 
metal  in  the  molecule.  This  holds  for  the  chlorides  of  Li,  Na, 
K,  Rb,  Cs,  Ca,  Ba,  Sr,  Zn,  Cd,  Ag,  Pb,  Mn,  and  Co,  together  with 
ferrous,  palladious,  and  platinous  chlorides,  and  the  two  chlorides 
of  copper.^  In  all  cases  where  a  comparison  is  possible,  these 
results  agree  with  those  deduced  from  the  vapour  density  at  high 
temperatures,  except  in  the  single  instance  of  cuprous  chloride. 

It  appears  from  the  foregoing  that  in  the  compounds  formed 
by  the  metals,  the  linking  together  of  two  atoms  of  a  metal  to 
form  a  molecule  which  is  stable  at  a  high  temperature  does 
not  often  occur.  In  certain  cases,  however,  it  must  be  assumed 
that  this  sort  of  combination  exists.  Tin,  for  example,  forms 
a  volatile  compound  Sn2(C2Hg)g,  and  Ogg  *  has  proved  that  the 

^  Bottomley,  Journ.  Ghem.,  Soc,  1903,  83,  1421 ;  Lorenz  and  Kaufler,  Ber., 
1908,  41,  3727. 

2  See  on  this  point  Werner,  Zeit.  anorg.  Ghem.,  1897,  15,  1  ;  Beckmann, 
Zeit.  physihal.  Chem.,  1903,  46,  857  ;  Turner,  Journ.  Ghem.  Soc,  1911,  99, 
899. 

'■>  Rugheimer  and  Rudolfi,  AnncUen,  1905,  339,  311. 

*  Ogg,  Zeit.  physikcd.  Ghem.,  1898,  27,  285. 
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mercurous  salts  in  aqueous  solution  yield  the  divalent  ion  Hgj, 
and  not  the  simple  ion  Hg',  and  that  they  therefore  have  most 
probably  the  double  formula  Hg^Xg.  In  the  case  of  cuprous 
chloride,  the  molecule  CugClg  certainly  exists  at  1700°  .although 
in  solution  in  bismuth  chloride  at  447°  only  the  simple  mole- 
cules CuCl  are  present.  Moreover,  as  already  stated,  the  simple 
molecules  capable  of  existing  in  the  state  of  gas  at  high 
temperatures  may  form  more  complex  molecules  as  the 
temperature  falls. 

These  facts  render  it  difficult  to  draw  definite  conclusions  as 
to  the  valency  of  the  metals  in  these  compounds.  Copper  in 
cuprous  chloride,  for  example,  must  be  regarded  as  monovalent  if 
the  formula  be  CuCl,  whilst  if  the  formula  be  CugClg,  it  may  be 
looked  upon  as  divalent,  the  constitution  of  the  chloride  being 
then  written  CI .  Cu  .  Cu  .  CI.  Similarly,  aluminium  must  be 
regarded  as  trivalcnt  in  its  chloride  if  the  molecular  formula  be 
AICI3,  whereas  it  becomes  tetravalent  if  the  molecular  formula 
be  Allele : 

/CI  Civ  /CI 

Al^Cl  Cl-^Al— Al^Cl 

\C1  CK  \C1 

In  the  present  condition  of  knowledge,  it  is  best  to  consider 
the  valency  of  the  metals  only  for  the  simplest  form  of  each 
molecule  which  has  been  proved  to  be  capable  of  existence. 

The  examination  of  the  list  of  chlorides  (p.  32)  shows  then 
not  only  that  the  valency  of  the  same  metal  does  vary  in 
different  compounds,  but  that  it  does  not  even  vary  in  a  regular 
manner,  such  as  remaining  either  odd  or  even.  Thus  in  the 
case  of  indium,  three  volatile  chlorides  are  known,  having  the 
formula  InCl,  InClg,  InClg,  in  which  the  metal  is  a  monad, 
dyad,  and  triad  respectively.  Iron  is  a  dyad  in  ferrous  chloride, 
and  a  triad  in  ferric  chloride,  whilst  tungsten  acts  as  a  tetrad, 
a  pentad,  and  a  hexad. 

In  considering  the  compounds  of  the  metals  with  oxygen,  the 
available  material  is  not  so  copious,  inasmuch  as  the  actual 
molecular  weights  have  been  determined  in  but  few  cases. 
In  most  instances  the  formulae  of  the  oxides  (and  of  the  salts 
they  form  with  either  acid  or  basic  oxides)  are  taken  as  the 
simplest  possible,  or  in  some  cases  as  analogous  to  those  of  the 
oxides  of  elements  of  the  same  group  whose  vapour  density  has 
been  determined.  The  valency  deduced  from  these  formulae 
frequently  differs  from  that  obtained  from  the  vapour  density 
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of  the  chloride  of  the  metal ;  thus  the  only  volatile  chloride  of 
vanadium  has  the  formula  VCl^,  whilst  in  its  general  deport- 
ment this  element  is  analogous  to  nitrogen  and  phosphorus, 
behaving  as  a  triad  and  pentad.  Again,  the  only  volatile 
chloride  of  molybdenum  has  the  formula  M0CI5,  but  in  many 
other  compounds,  such  as  molybdic  acid  and  the  molybdates, 
the  metal  acts  as  a  hexad. 

22  The  valency  of  an  element  can  no  longer,  therefore,  be 
regarded  as  always  varying  in  a  regular  manner,  but  appears 
to  vary  irregularly  according  to  the  nature  of  the  other 
elements  with  which  it  combines.  At  the  same  time,  an  ele- 
ment almost  always  shows  what  may  be  termed  a  characteristic 
valency,  i.e.,  a  valency  which  remains  constant  throughout  a 
large  and  important  series  of  compounds.  Thus,  for  example, 
the  alkali  metals  are  monovalent  in  the  great  majority  of  their 
compounds,  although  a  few  halogen  derivatives  have  recently 
been  prepared  in  which  they  behave  as  triads  and  pentads ;  the 
metals  of  the  alkaline  earths  almost  always  behave  as  dyads, 
and  nitrogen,  phosphorus,  and  arsenic  either  as  triads  or 
pentads.  Carbon  in  particular  shows  a  very  constant  tetrad 
valency,  almost  the  whole  of  its  immense  number  of  compounds 
containing  the  element  in  the  tetravalent  state.  These  general 
regularities  find  their  best  expression  in  the  periodic  classifica- 
tion of  the  elements,  and  will  be  further  considered  in  discussing 
the  latter. 

23  Werner's  Theory  of  Principal  and  Supplementary  Valencies. 
— The  molecules  formed  by  the  combination  of  two  or  more  ele- 
ments are  usually  not  devoid  of  the  power  of  combining  with 
further  atoms  or  molecules.  Thus,  for  example,  sulphur  dioxide, 
SO2,  readily  combines  with  oxygen  to  form  sulphur  trioxide, 
SO3;  this  unites  with  a  molecule  of  water  to  form  sulphuric 
acid,  HgSO^,  and  this  again  with  a  further  quantity  of  water  to 
form  the  crystalline  hydrate  H2S04,4H20.  According  to  the 
ordinary  theory  of  valency,  sulphur  dioxide  is  an  unsaturated 
compound  in  which  sulphur  acts  as  a  tetrad  ;  in  sulphur  tri- 
oxide the  sulphur  is  a  hexad,  and  the  oxygen  a  dyad : 

The  introduction  of  water  into  this  molecule  can  be  explained 
by  a  rearrangement  of  the  valencies  of  the  elements  of  the  two 
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compounds,  which  leads  to  a  constitutional  formula  for  sul- 
phuric acid  in  accordance  with  its  chemical  behaviour.  The 
further  introduction  of  four  molecules  of  water  into  this  mole- 
cule cannot  be  simply  represented  on  the  lines  of  the  ordinary 
theory.  It  is  apparent  that  some  power  of  combination  is  still 
left  in  such  molecules,  and  this  is  usually  ascribed  to  the 
residual  ajffinily,  either  of  the  molecules  as  a  whole,  or  of  certain 
of  the  atoms  contained  in  them. 

Very  little  is  known  about  the  mode  of  combination  in  such 
cases,  but  many  theories  have  been  proposed  in  order  to  include 
compounds  of  this  character,  among  which  are  to  be  numbered 
almost  all  the  double  and  complex  salts  of  the  metals,  the 
ammoniacal  metallic  compounds,  the  hydrates,  and  similar 
substances. 

The  most  successful  attempt  in  this  direction  has  been  made 
by  Werner,^  whose  views  are  based  more  especially  upon  the 
composition  and  properties  of  the  ammoniacal  metallic  deriv- 
atives and  the  complex  salts  of  the  metals.  According  to  this 
theory  the  atom  possesses  two  kinds  of  valency,  viz.,  principal 
valency,  which  is  concerned  in  the  combination  of  atoms  or 
radicals  which  can  exist  as  ions,  or  are  equivalent  to  ions ;  and 
supplementary  valency,  which  is  concerned  with  the  combination 
of  radicals  which  cannot  exist  as  ions.  Thus  the  atoms  or 
groups  —CI,  —  Na,  —  NOg,  —  CHg,  &c.,  combine  by  virtue 
of  their  principal  valencies ;  groups  such  as  —  OHj,  —  NHg, 
—  CIK,  —  CrClg,  &c.,  by  means  of  their  supplementary  valencies. 
Platinum,  for  example,  combines  with  four  atoms  of  chlorine 
by  principal  valency  forming  the  molecule  PtCl4,  the  highest 
chloride  of  platinum  which  can  be  obtained.  This  molecule 
readily  combines,  however,  with  two  molecules  of  hydrogen 
chloride  by  the  supplementary  valencies  of  the  platinum  and 
chlorine  atoms,  forming  chloroplatinic  acid,  HjPtClg : 

The  constitution  of  these  molecules  is  represented  above 
according  to  Werner's  theory,  principal  valencies  being  repre- 

'  Anncden,  1902,  322,  261.  See  also  Werner's  Xeuere  Anschauungen  avf 
dem  Gebiete  der  anorganischen  Chemie  ;  an  English  translation  of  this  volume 
has  been  published  under  the  title  :  "  New  Ideas  on  Inorganic  Chemistry." 
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sented  by  unbroken  lines,  and  supplementary  valencies  by 
dotted  lines. 

The  number  of  atoms  which  can  combine  directly  with  a 
single  atom  appears  to  be  to  some  extent  independent  of  the 
nature  of  the  particular  atoms  concerned.  The  atoms  of  most 
elements  can  unite  in  this  way  with  six  other  atoms  or  groups, 
which  may  be  regarded  as  being  situated  in  the  primary  sphere 
of  action  of  the  central  atom,  and  are  said  to  be  co-ordinated 
with  it.  These  six  may  be  united  to  the  central  atom  either  by 
principal  or  by  supplementary  valency,  and  if  any  of  the 
principal  valencies  of  this  atom  remain  unsaturated,  the  radical 
thus  formed  has  a  corresponding  power  of  combining  with 
further  atoms,  which,  however,  must  remain  in  the  secondary 
sphere  of  action  of  the  central  atom. 

The  trivaleiit  atom  of  cobalt,  Co,  can,  for  example,  co-ordinate 
six  molecules  of  ammonia  by  supplementary  valencies,  forming  a 
radical  Co(NH3)g,  in  which  the  trivalent  cobalt  atom  is  still 
capable  of  combining  with  three  monovalent  atoms  of  chlorine 
by  principal  valency,  forming  the  well-known  compound, 
[Co(NH3)g]Cl3,  hexammine-cobaltic  chloride  (luteo-cobalt 
chloride).  In  this  substance  the  six  molecules  of  ammonia  are 
regarded  as  being  situated  in  the  primary  sphere,  and  united 
with  the  cobalt  atom  by  supplementary  valencies,  whilst  the 
three  chlorine  atoms  are  situated  in  the  secondary  sphere  of 
action,  and  are  united  with  the  cobalt  by  principal  valencies. 

On  the  other  hand,  in  the  co-ordination  radical  [CoCl3(NH3)3], 
both  the  chlorine  atoms  and  the  molecules  of  ammonia  are 
situated  in  the  primary  sphere,  the  chlorine  atoms  being  united 
with  the  cobalt  by  principal,  and  the  ammonia  molecules  by 
supplementary,  valency.  The  trivalent  cobalt  atom  is  therefore 
saturated  and  incapable  of  further  combination.  This  substance 
is  known  as  triammine-cobaltic  chloride,  and  when  dissolved  in 
water  does  not  undergo  electrolytic  dissociation,  because  the 
chlorine  atoms  form  part  of  the  complex  radical.  The  solution, 
therefore,  does  not  yield  a  precipitate  of  silver  chloride  when 
silver  nitrate  is  added.  On  the  other  hand,  the  hexammine- 
cobaltic  chloride  molecule,  in  which  the  chlorine  is  not  part  of 
the  complex  radical,  dissociates  in  aqueous  solution  into  the  ions 
[Co(NH3)gJ-  and  301',  and  the  whole  of  the  chlorine  is  pre- 
cipitable  by  silver  nitrate. 

The  maximum  number  of  atoms  or  groups  which  can  unite 
directly  with  a  central  atom  is  therefore  six,  plus  the  valency 
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of  the  central  atom.  In  some  cases  the  co-ordination  number 
is  four  (carbon,  boron,  and  nitrogen),  and  it  is  possibly  as  high 
as  eight  in  some  instances  (molybdenum),  but  for  the  great 
majority  of  elements  it  is  six. 

This  theory  has  proved  of  great  value  in  the  classification  of 
the  complex  derivatives  of  the  metals,  and  numerous  applications 
of  it  will  be  found  under  the  separate  metals.  The  more 
recent  development  of  the  theory  has  taken  the  form  of  pre- 
diction of  the  existence  of  isomerides,  and  the  predictions  have 
been  verified  in  a  striking  manner.  The  representation  of  the 
six  co-ordinated  groups  or  atoms  as  arranged  in  space  round  the 
central  atom  in  the  relative  positions  of  the  angles  of  an 
octahedron,  leads  to  conclusions  as  to  the  existence  of  cis-  and 
irctTis-isomerides  in  certain  cases,  and  of  optical  isomerides  in 
others.  Such  isomerides  have  now  been  isolated,^  and  this  fact 
gives  strong  support  to  Werner's  views. 

24  Electrochemical  Theory  of  Valency.  Corpuscular  Theory  of 
the  OoTistitution  of  the  Atom. — Concerning  the  nature  of  valency 
very  little  is  at  present  known.  One  important  relation  has, 
however,  been  established  by  the  classical  researches  of  Faraday. 
When  a  salt  of  a  metal  is  dissolved  in  water  and  the  solu- 
tion is  electrolysed,  the  amount  of  the  metal  deposited  in  a 
given  time  depends  on  the  valency  which  the  metal  possesses 
in  that  salt.  Thus  when  solutions  of  salts  of  a  univalent  and 
divalent  metal,  such  as  the  sulphates  of  silver  and  zinc,  are 
electrolysed  by  the  same  current,  two  atomic  proportions  of  silver 
are  deposited  for  each  atomic  proportion  of  zinc,  the  same 
amount  of  oxygen  being  liberated  at  the  anode  in  each  case.  Since 
the  same  amount  of  electricity  has  been  conveyed  by  the  ions  of 
the  metal  in  the  two  cases,  it  follows  that  the  electrical  charge 
conveyed  by  each  silver  ion  is  only  half  as  great  as  that  con- 
veyed by  each  ion  of  zinc.  A  similar  relation  is  found  in  other 
cases,  and  it  may  be  stated  as  a  general  law  that  the  electrical 
charge  which  is  conveyed  by  the  ion  of  a  metal  in  the  electro- 
lysis of  a  solution  of  a  salt  is  directly  proportional  to  the 
valency  of  the  ion. 

These  facts  have  led  many  chemists  to  the  conclusion  that 
chemical  combination  is.  essentially  an  electrical  phenomenon, 
and  occurs  always  between  a  positive  and  a  negative  radical., 
This  was,  indeed,  the  fundamental  principle  of  the  dualistic 
system  of  Berzelius,  but  was  rendered  truly  applicable  to  the 
1  See  Werner,  Ber.,  1911,  44,  2449  32.S1. 
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facts  of  chemical  combination  only  by  Faraday's  discovery 
of  the  quantitative  laws  of  electrolysis.^  This  idea  is  in 
harmony  with  the  modern  view  of  the  structure  of  the  atom, 
which  has  been  derived  largely  from  the  study  of  the  pheno- 
mena of  the  conduction  of  electricity  through  gases  and 
solutions,  and  of  radioactivity. 

According  to  this  view,^  an  atom  of  any  substance  is  composed 
of  a  large  number  of  corpuscles  or  electrons,  which  have  a  mass 
of  about  1/lOdO  of  that  of  a  hydrogen  atom,  and  carry  a  nega- 
tive charge  equal  to  that  of  a  univalent  ion  in  a  solution  of  a 
salt.  These  corpuscles  are  in  rapid  motion,  and  are  held 
together  by  the  attraction  of  an  equal  positive  charge,  which 
may  be  supposed  to  be  distributed  uniformly  over  the  sphere 
about  the  centre  of  which  the  corpuscles  are  moving.  One  or 
more  corpuscles  may  be  detached  from  the  atom,  either  in 
consequence  of  their  high  velocity,  or  as  a  result  of  the  atom 
colliding  with  other  atoms  or  free  corpuscles.  Evidence  of  this 
detachment  of  corpuscles  is  supplied  by  the  phenomena  of  the 
conduction  of  electricity  through  gases. 

The  escape  of  one  corpuscle  from  an  atom  will  leave  the 
latter  with  a  positive  charge,  and  it  will  then  be  more  difficult 
for  a  second  corpuscle  to  be  detached.  If  stability  is  reached 
at  this  stage,  we  are  dealing  with  a  univalent  electropositive 
atom.  It  may  happen,  however,  that  the  positive  electrification 
of  the  atom  resulting  from  the  escape  of  one  corpuscle  is  not 
sufficient  to  prevent  the  detachment  of  a  second  corpuscle.  If 
this  should  take  place,  and  a  condition  of  stability  is  then 
reached,  we  are  dealing  with  a  divalent  electropositive  atom. 
Thus  atoms  which  lose  one,  two,  or  three  corpuscles,  acquire 
positive  charges  of  one,  two,  or  three  units. 

On  the  other  hand,  the  corpuscles  in  an  atom  may  have  such 
small  velocities  that  there  is  no  tendency  for  them  to  escape, 
and  such  an  atom  may  even  be  capable  of  receiving  one  or  more 
foreign  corpuscles  without  causing  the  ejectment  of  any  of  its 
own.  The  magnitude  of  the  negative  charge  acquired  by  an 
atom  in  this  way  will  depend  on  the  firmness  with  which 
the  corpuscles  are  held.  If  the  addition  of  one  foreign  corpuscle 
does  not  lead  to  the  expulsion  of  one  of  the  original  corpuscles, 

'  See  on  this  point  Helmholtz,  The  Faraday  Lecture,  Journ.  Ckem.  Soc, 
1881,  39,  277. 

2  Thomson's  Ekctricily  and  Matter,  pp.  128-132  (Constable  and  Co.,  1904). 
See  Phil.  Mag  ,  1904,  7,  237;  1906,  11,  769;  also  Ramsay,  Journ.  Chcm 
Soc,  1908,  93,  778. 
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whereas  the  addition  of  two  foreign  corpuscles  does  so,  then  the 
maximum  negative  charge  on  the  atom  would  be  one  unit. 
According,  then,  as  the  number  of  extra  corpuscles  which  can  be 
so  attached  is  one,  two,  or  three,  we  are  dealing  with  a 
univalent,  divalent,  or  trivalent  electronegative  atom. 

From  the  point  of  view  here  described,  the  valency  of  an 
atom  depends  on  the  ease  with  which  corpuscles  can  escape 
from,  or  be  received  by,  the  atom ;  this  may  be  influenced  to 
some  extent  by  the  environment,  and  it  is  therefore  intelligible 
that  valency  may  be  affected  in  some  degree  by  the  prevailing 
physical  conditions. 

If  we  imagine  a  number  of  atoms  which  have  lost  corpuscles 
mixed  with  a  number  of  atoms  which  have  retained  foreign 
corpuscles,  it  is  easy  to  see  that  the  numerical  proportion  in 
which  the  atoms  combine  in  order  to  form  neutral  systems 
must  be  determined  by  the  relative  magnitude  of  the  charges 
which  they  carry.  In  the  case  of  an  atom  which  can  neither 
lose  one  of  its  own  corpuscles,  nor  retain  a  foreign  corpuscle, 
chemical  combination  would,  on  this  view,  be  impossible. 
Such  an  atom  would  have  the  properties  of  an  atom  of  helium 
or  argon. 

This  theory  is  capable  of  explaining  the  phenomena  of 
electrolysis,  and  all  reactions  which  occur  between  ions,  as 
well  as  all  cases  of  combination  between  electropositive  and 
electronegative  elements.  Considerable  difficulties,  however, 
arise  when  it  is  applied  to  elements  which  are  not  markedly 
electropositive  or  electronegative,  and  especially  to  those  com- 
pounds in  which  a  number  of  atoms  of  the  same  element 
are  combined  together.  In  such  a  simple  compound  as  ethane, 
CHg  —  CHg,  for  instance,  it  is  necessary  to  suppose  that  one  of  the 
carbon  atoms  acts  as  the  positive,  and  the  other  as  the  negative 
element,  although  no  difference  between  the  two  has  been 
recognised  chemically.  Similar  considerations  hold  with  regard 
to  the  molecules  of  the  elements  themselves,  many  of  which 
are  composed  of  two  atoms  of  the  element  united  together: 

Another  theory  of  valency  which  is  electrochemical  in 
character  is  the  one  developed  by  Abegg  and  Bodlander.^ 
According  to  their  view,  each  element  has  two  kinds  of 
valencies,  normal  and  conirft- valencies,  the  polarity  of  which  is 
opposite,  and  the  total  number  of  which  is  eight.  The  normal 
valencies  are  regarded  as  the  stronger,  and  correspond  with  the 
1  Zeit.  anorg.  Chem.  1899,  20,  453  ;  ibid.,  1904,  39,  330. 
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commonly  accepted  valencies  of  the  elements.  Thus  chlorine 
possesses  one  negative  normal  valency,  and  seven  positive 
contra-valencies,  whilst  silver  has  one  positive  normal  valency 
and  seven  (latent)  negative  contra-valencies.  The  greater  the 
number  of  contra-valencies  possessed  by  any  particular  element 
the  greater  is  the  tendency  of  this  element  to  form  molecular 
compounds. 

Reference  should  be  made  here  also  to  Barlow  and  Pope's 
theory,  according  to  which  the  spheres  of  influence  of  different 
atoms  are  proportional  to  the  fundamental  valencies  of  the 
atoms.     This  theory,  however,  will  be  discussed  at  a  later  stage. 


CLASSIFICATION    OF    THE    ELEMENTS. 

25  The  number  of  substances  at  present  described  as  elemen- 
tary is  about  80  (see  this  vol.,  p.  2),  and  of  these  about  70 
have  been  subjected  to  close  investigation,  and  their  properties 
and  those  of  their  compounds  definitely  ascertained.  Their 
atomic  weights  have  also  been  determined  with  a  moderate 
degree  of  accuracy,  and  it  has  been  shown  that  these  numbers 
really  represent  atomic  weights,  and  not  simply  the  equivalents 
of  the  elements  (see  pp.  14-27). 

The  question  naturally  arises  whether  these  substances  are 
in  reality  incapable  of  further  decomposition,  or  whether  by 
suitable  means  they  might  not  in  turn  be  resolved  into  still 
simpler  substances.  Indeed,  very  soon  after  the  enunciation  of 
Dalton's  atomic  theory,  speculations  as  to  the  compound  nature 
of  the  so-called  elements  were  published.  Thus,  in  the  year 
1815,  Prout  suggested  ^  that  the  elements  were  in  reality  all 
composed  of  hydrogen,  basing  his  supposition  on  the  numbers 
at  that  time  adopted  for  the  atomic  weights  compared  with 
hydrogen,  which  were  in  most  cases  whole  numbers.  The 
extreme  simplicity  of  the  hypothesis  attracted  many  adherents, 
but  the  later  careful  determination  of  the  atomic  weights 
by  Berzelius  did  not  confirm  it.  It  was  somewhat  modified  by 
Dumas,^  who  assumed  that  the  unit  weight  of  hydrogen  was 
itself  composed  of  two  or  even  four  atoms,  in  which  case  the 
atomic  weights  would  all  be  multiples  of  either  0-5  or  0-25. 

'  Anonymously  published  in  Thomson's  Annals  of  Philosophy,  1815,  vol.  vi., 
"On  the  Relations  between  the  Specific  Gravities  of  Bodies  in  their  Gaseous 
State  and  the  Weight  of  their  Atoms." 

2  Ann.  Chim.  Phys,,  1859,  [3],  55,  129. 


CLASSIFICATION  OF  THE   ELEMENTS  43 

The  very  careful  experiments  of  Marignac,  and  especially  of 
Stas  (p.  12),  which  were  carried  out  with  extraordinary  care  for 
the  purpose  of  testing  Dumas's  hypothesis,  showed  that  the 
atomic  weights  of  many  elements  are  multiples  neither  of  1,  nor 
of  0"5,  nor  of  0'25,  and  this  conclusion  has  been  confirmed  by 
more  recent  investigations.  At  the  same  time,  it  is  worth  while 
noting  that  of  the  83  elements  in  the  atomic  weight  table  no 
fewer  than  43  have  atomic  weights  within  one-tenth  of  a  unit 
above  or  below  an  integral  number.  It  appears  that  the 
probability  against  such  a  condition  being  fortuitous  is 
20,000  millions  to  one.^ 

Although  Front's  hypothesis  has  not  been  confirmed,  the 
inquiries  made  to  investigate  its  validity  brought  to  light  a 
number  of  relationships  which  exist  between  the  atomic 
weights  of  analogous  elements.  Even  before  the  enunciation 
.  of  the  atomic  theory,  and  before  the  true  nature  of  the  alkalis 
and  alkaline  earths  was  known,  Richter  ^  had  pointed  out  that 
those  quantities  of  the  alkaline  earths  which  neutralise  a 
given  weight  of  an  acid,  could  be  arranged  as  members  of  the 
arithmetical  progression  a+nb,  in  which  the  value  of  n  was  0 
for  alumina,  1  for  magnesia,  3  for  lime,  9  for  strontia,  and  19  for 
baryta.  In  1817  Dobereiner  called  attention  to  the  fact  that 
the  atomic  weight  of  strontium  is  the  mean  of  those  of  the  two 
closely  allied  elements  calcium  and  barium,  and  later  on  the 
same  was  found  to  be  approximately  true  in  the  case  of  other 
groups  of  three  elements,  or  triads,  as  they  were  called.  In  1850 
Pettenkofer*  brought  forward  the  view  that,  in  the  case  of 
analogous  elements,  the  difference  in  the  atomic  weights  is 
either  a  constant  or  a  simple  multiple  of  that  constant ;  thus, 
using  the  whole  number  nearest  to  the  atomic  weight,  the 
following  series  were  given : 

Difference.  Difference. 

Li   =  7  O  =  16 

16  16 

Na  =  23  S  =  32 

16  3  X  16 

K   =  39  Se  =  80 


3  X  16 


Te  =  128 


I  See  Bamsay,  B.A.  Reports,  1911,  10. 
'•^  U-eber  die  ne.uern  Gegenstdnde  der  Ohymie,  1797,  8,  21. 
3  Munchene  Gelehrten  Anzeigen,   1850,   30,  261  ;  quoted  in  Annalen,  1858, 
105,  187. 
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This  idea  was  further  developed  by  Kremers,  Gladstone,  and 
especially  by  Dumas,  and  attention  was  drawn  to  the  analogy 
existing  between  such  a  group  of  elements  and  the  homologous 
hydrocarbon  radicals.  Thus,  if  we  take  the  radicals  of  the 
C,iB.2n+i  and  C„H2,i  series,  we  have : 

Difference.  Difference. 

CH3    =    15  0,H,    =    28 

14  14 

C,H,  =  29  C3H,  =   42 

'14  14 

C3H7  =  43  C.Hg  =   56 

When  the  more  exact  modern  numbers  are  employed,  it  is 
found  that  the  differences  between  the  atomic  weights  of  the 
elements  are  not  quite  so  regular  as  when  the  above  approxi- 
mate numbers  are  taken,  but  even  then  the  approximation  to 
Pettenkofer's  rule  seems  far  too  close  to  be  due  to  chance. 
Further  investigation  showed  that  a  very  large  number  of  the 
elements  could  be  divided  into  groups  showing  similar  relation- 
ships, and,  in  1864,  Lothar  Meyer  ^  tabulated  a  large  number  of 
such  groups,  and  arranged  a  certain  number  of  the  elements  in 
the  order  given  in  the  table  on  p.  45,  according  in  the  first  place 
to  the  magnitude  of  their  atomic  weights,  and  in  the  second 
place  to  their  valency. 


Natural  Areangement  of  the  Elements. 

26  The  discovery  of  any  system  which  should  embrace  the 
whole  of  the  elements  was  rendered  possible  only  by  the  adop- 
tion of  the  consistent  atomic  weights  proposed  by  Cannizzaro  in 
1858.  Previous  to  this  date,  the  attempts  at  classification  con- 
sisted only  in  the  division  of  the  elements  into  groups,  and  did 
not  bring  out  the  relations  which  exist  between  them  as  a 
whole.  This  was  first  achieved  in  what  is  usually  known  as 
the  natural  arrangement  of  the  elements. 

The  first  attempt  at  such  an  arrangement  was  made  by  de 
Chancourtois  ^  in  1862,  in  whose  system  the  elements  were 
arranged  in  order  of  their  atomic  weights  along  a  spiral  line 
drawn  round   a   vertical   cylinder,   the   surface  of  which  was 

1  Die  modemen  Theorien  der  Chemie,  1S64,  1st  edition,  p.  137. 

2  Compt.  rmd.,  1862,  54,  757,  840,967;  1862,  55,  600:  1863,  56,  263, 
479  ;  1866,  63,  24  ;  see  also  Hartog,  "  A  First  Foreshadowing  of  the  Periodic 
Law,"  Nature,  1892,  41,  186. 
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divided  into  sixteen  vertical  strips  by  straight  lines.  The 
points  occupied  by  the  various  elements  on  this  surface  were 
termed  "  characteristic  points,"  or  "  geometrical  characters. 
De  Chancourtois  enunciated  the  fundamental  theorem  of  his 
system  as  follows: — "The  relations  between  the  properties  of 
different  bodies  are  manifested  by  simple  geometrical  relations 
between  the  positions  of  their  characteristic  points.  For 
instance,  oxygen,  sulphur,  selenium,  tellurium,  and  bismuth,^ 
fall  approximately  on  the  same  vertical  generating  line,  while 
magnesium,  calcium,  iron,  strontium,  uranium,  and  barium  fall 
on  the  opposite  generating  line.  On  either  side  of  the  first  of 
these  lines  we  find  hydrogen  and  zinc  on  the  one  hand,  bromine, 
iodine,  copper,  and  lead  on  the  other  ;  parallel  to  the  second 
line  we  find  lithium,  sodium,  potassium,  manganese,  &c." 

On  Fig.  ] ,  p.  47,  will  be  found  the  representation  of  the  first 
two  turns  of  de  Chancourtois'  helix,  the  surface  of  the  cylinder 
being  developed  on  the  plane  surface  of  the  paper,  and  it  will 
be  seen  that  the  elements  which  lie  on  the  same  generating 
line  do  belong  to  the  same  family. 

27  Very  shortly  afterwards  (1864)  several  similar  attempts  at 
a  classification  of  the  elements  as  a  whole  were  made  inde- 
pendently by  Newlands,^  who  arranged  the  elements  in  order 
of  their  atomic  weights,  and  finally  placed  them  in  seven  hori- 
zontal series,  each  consisting  of  eight  members,  as  shown  in  the 
following  table : 


H 

F 

CI 

Co,  Ni 

Br 

Pd 

I 

Pt 

Li 

Na 

K 

Cu 

Rb 

Ag 

Cs 

Os 

Gl 

Mg 

Ca 

Zn 

Sr 

Cd 

Ba 

Hg 

B 

Al 

Cr 

Yt 

Ce 

U 

Ta 

Tl 

C 

Si 

Ti 

In 

Zr 

Sn 

W 

Pb 

N 

P 

Mn 

As 

Di 

Sb 

Cb 

Bi 

0 

s 

Fe 

Se 

Rh,  Ru 

Te 

Au 

Th 

According  to  Newlands,  the  properties  of  an  element  in  any 
vertical  group  are  analogous  to  those  of  the  elements  in  the 
corresponding  position  in  the  other  groups.  From  analogy  with 
the  musical  notes,  he  gave  to  this  relationship  the  name  of  the 
"  Law  of  Octaves." 

Both  of  these  proposals,  however,  received  very  little  attention 

1  Probably  a  misprint,  as  bismuth  does  not  fall  on  the  same  line  in  the 
table. 

2  Chem.  News,  1864,  10,  59,  94  ;  1865,12,  83,  94  ;  1866, 13,  113,  1.30.    See  also 
Newlands,  On  the  Discovery  of  the  Periodic  Law,  1884.     (E.  and  F.  N.  Spon.) 
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from    chemists ;    indeed,   they    seem    to    have    been    almost 
entirely  forgotten.     In  fact,  a  systematic  arrangement  of   the 


Fig.  1- 


elements  according  to  their  atomic  weights  appeared  to  some 
chemists  almost  as  absurd  and  unnatural  as  an  alphabetical 
arrangement.     In  the  year  1869,  however,  the  same  system  of 
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classification,  but  on  a  wider  basis,  was  proposed  by  the  Russian 
chemist  Mendel(5eff,i  without  any  previous  knowledge  of  the 
work  of  the  above-named  chemists.  His  classification  not  only 
included  the  elements  then  known,  but  also  left  room  for  many 
elements  at  that  time  undiscovered.  He  showed  that  when  the 
elements  are  arranged  in  the  order  of  their  atomic  weights,  they 
may  be  divided  into  groups,  in  each  of  which  a  similar  gradation 
of  properties  from  element  to  element  occurs,  the  properties  of 
the  elements  thus  appearing  as  periodic  functions  of  the  atomic 
weight. 

At  a  slightly  later  date,  Lothar  Meyer,^  continuing  his  in- 
vestigation of  the  relations  between  the  elements,  which  had 
already  led  to  the  publication  of  the  table  given  on  p  45,  inde- 
pendently put  forward  views  which  were  almost  identical  with 
those  of  the  Russian  chemist,  and  it  is  to  these  two  investigators 
that  the  chief  developments  of  the  natural  classification  of  the 
elements  are  due. 

The  Periodic  System. 

28  In  his  original  paper,^  Mendeleeff  sums  up  his  conclusions 
as  follows : 

(1),  The  elements,  if  arranged  according  to  their  atomic 
weights,  exhibit  an  evident  periodicity  of  properties. 

(2).  Elements  which  are  similar  as  regards  their  chemical 
properties  have  atomic  weights  which  either  have  nearly  the 
same  value  (e.g.  platinum,  iridium,  osmium),  or  increase 
regularly  (e.g.  potassium,  rubidium,  caesium). 

(3).  The  arrangement  of  the  elements,  or  of  groups  of  elements, 
in  the  order  of  their  atomic  weights  corresponds  to  their  so- 
called  valencies  as  well  as,  to  some  extent,  to  their  distinctive 
chemical  properties — as  is  apparent,  among  other  series,  in  that 
of  lithium,  glucinum,  boron,  carbon,  nitrogen,  oxygen,  and 
fluorine.* 

(4).  The  elements  which  are  most  widely  diffused  have  S7mdl 
atomic  weights. 

(5).  The  magnitude  of  the  atomic  weight  determines  the 

1  Zeitschr.  Chem.,  1869,  405  ;  Annakn,  Suppl.,  1872,  8,  133. 

°  Annalen,  Suppl.,  1870,  7,  354. 

'■>  J.  Bu.'is.  Phys.  Chem.  Soc,  1869,  1 ;  quoted  in  Faraday  Lecture,  Journ. 
Chem.  Hoc.,  1889,  55,  634. 

*  Barhim  and  iron  are  printed  by  mistake  in  the  English  original  {loc.  cit.) 
instead  of  boron  and  iluorine. 
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character  of  the  element  just  as  the  magnitude  of  the  molecule 
determines  the  character  of  a  compound  body. 

(6).  We  must  expect  the  discovery  of  many  yet  imiknown 
elements,  e.g.  elements  analogous  to  aluminium  and  silicon, 
the  atomic  weights  of  which  would  be  between  65  and  75. 

(7).  The  atomic  weight  of  an  element  may  sometimes  be 
amended  by  a  knowledge  of  those  of  the  contiguous  elements. 
Thus  the  atomic  weight  of  tellurium  must  lie  between  123  and 
126,  and  cannot  be  128. 

(8).  Certain  characteristic  yjroperties  of  the  elements  can  be 
foretold  from  their  atomic  weights. 

In  the  table  given  on  pp.  50-51  the  elements  are  arranged 
according  to  the  system  of  Mendeleeff  and  Lothar  Meyer,  with 
the  addition  of  a  group  numbered  zero,  containing  the  helium 
family  of  elements,^  and  it  will  be  seen  that  they  fall  into  nine 
groups,  each  group  occupying  one  of  the  vertical  columns  in  the 
table,  whilst  there  are  twelve  horizontal  series  or  periods.  The 
members  of  each  group  show  in  most  cases  a  close  connection 
with  each  other,  which  is  most  noticeable  in  the  case  of  elements 
belonging  to  alternate  horizontal  series.  In  the  table,  therefore, 
the  elements  in  each  group  are  arranged  on  alternate  sides  of 
the  column,  each  group  becoming  thus  divided  into  two  sub- 
groups, the  members  of  one  of  which  are  situated  in  the  even 
horizontal  series,  whilst  the  others  fall  in  the  odd  series.  Thus 
in  the  second  group  we  have  the  two  sub-groups,  Gl,  Ca,  Sr, 
Ba,  Ka,  situated  in  the  even  horizontal  series,  and  Mg,  Zn,  Cd, 
Hg,  in  the  odd.  The  eighth  group  is  somewhat  anomalous, 
as  it  appears  to  occur  only  in  the  even  periods  or  series,  and, 
unlike  the  other  groups,  always  contains  three  members,  the 
atomic  weights  of  which  are  more  nearly  equal  than  is  usually 
the  case. 

An  inspection  of  the  table  shows  that  the  first  group  contains 
all  the  alkali  metals,  the  second  group  those  of  the  alkaline 
earths,  and  also  the  metals  glucinum,  magnesium,  zinc,  cad- 
mium, and  mercury.  In  the  third  group  we  find  the  family, 
aluminium,  gallium,  and  indium  ;  in  the  fourth,  carbon,  silicon, 
titanium,  zirconium,  and  tin ;  in  the  fifth,  nitrogen,  phosphorus, 
vanadium,  arsenic,  antimony,  and  bismuth ;  in  the  sixth,  oxygen, 
sulphur,  selenium,  and  tellurium ;  and  in  the  seventh,  the 
halogens.     The  eighth  group  includes,  in  addition  to  the  closely 

'  Ramsay,  Ber.,  1898,  31,  3111  ;  MendeWeff   Principles  of  Chemistry  (1905), 
vol.  ii.  p.  20. 
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allied  metals,  iron,  cobalt,  and  nickel,  the  whole  of  the  elements 
known  as  the  platinum  metals.  In  almost  all  of  these  cases, 
the  elements  mentioned  had  been  classed  as  members  of  the 
same  family  before  Mendeleeff's  work  was  published,  and  their 
continued  occurrence  in  the  same  group  is  strong  evidence  in 
favour  of  the  general  correctness  of  his  views. 

Cases  will  be  observed,  however,  in  which  there  is  no  very 
evident  connection  between  members  of  the  two  sub-groups 
comprised  in  the  same  group,  as  for  example  in  the  case  of 
silver,  copper,  and  gold  on  the  one  hand,  and  the  alkali 
metals  on  the  other,  in  the  first  group  ;  a  considerable  number 
of  resemblances  can  indeed  be  traced,  but  these  are  not  so 
prominent  as  to  have  led  previously  to  these  elements  being 
classified  together.  In  the  sixth  group  also  there  is  very 
little  obvious  connection  between  chromium,  molybdenum,  and 
tungsten  on  the  one  hand,  and  the  elements  of  the  sulphur 
group  on  the  other,  nor  in  the  seventh  group  between  man- 
ganese and  the  halogens.  It  will,  however,  be  noticed  that  in 
all  these  cases  the  elements  in  question  come  either  just  before 
or  just  after  the  occurrence  of  the  eighth  group,  and  it  is 
probable  that  their  somewhat  peculiar  relationship  is  connected 
with  the  existence  of  this  group. 

Mendeleeff  suggested  an  alternative  method  of  tabulation 
which  overcomes  certain  of  these  difficulties,  and,  with  some 
modifi-cations  and  additions,  this  is  given  on  page  53.  The 
elements  forming  series  2  and  3  (pp.  50-51),  i.e.  those  which 
have  the  lowest  atomic  weights,  and  which  differ  in  many 
respects  from  the  members  of  the  same  groups  having  higher 
atomic  weights,  are  regarded  as  typical  elements,  and  the 
remainder  are  arranged  in  double  periods,  each  consisting  of  an 
odd  and  even  series  of  the  first  table.  The  two  sub-groups 
into  which  each  group  in  the  table  pp.  50-51  is  divided  are  thus 
separated,  the  even  series  coming  at  the  commencement  of  the 
long  period,  the  odd  series  at  the  end,  and  the  elements  of 
group  VIII  in  the  centre. 

The  typical  elements  are  probably  best  regarded  as  being 
common  to  both  the  sub-divisions  of  the  group  to  which  they 
belong.  Thus  Li  and  Na  are  common  to  the  sub-groups  headed 
by  K  and  Cu  ;  Gl  and  Mg  to  those  headed  by  Ca  and  Zn,  &c.^ 

1  A  table  in  which  these  relations  are  very  clearly  demonstrated  has  been 
published  by  Orme  Masson,  2'Ae  Glasnificition  of  the  Chemical  Elements  (Neville, 
Mullen  and  Slade,  London  and  Melbourne).  See  also  Richards,  Amer.  Chem. 
J.,  1898,  20,  543. 
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At  either  end  of  the  typical  series  its  members  are  much 
more  closely  related  to  one  of  the  sub-groups  than  to  the  other, 
whilst  towards  the  middle  of  the  series  this  difference  is  not  so 
striking.  Thus  Li  and  Na  are  more  analogous  to  K,  Rb,  and  Cs 
(even  series,  pp.  50-51)  than  to  Cu,  Ag,  and  Au  ;  F  and  CI,  on  the 
other  hand,  are  more  closely  related  to  Br  and  I  (odd  series, 
pp.  50-51)  than  to  Mn,  whilst  C  and  Si  show  considerable 
analogy  both  to  Ti  and  Ge.^ 

A  comparison  of  the  first  two  double  periods  (Nos.  3  and  4 
in  the  table,  p.  53),  which  contain  only  one  space  to  be 
filled  by  a  missing  element,  shows  the  very  complete  analogy 
which  exists  between  them.  In  the  later  double  periods  so 
many  elements  are  at  present  missing  that  the  relations  are 
not  so  apparent,  although  in  numerous  cases  they  are  still 
distinctly  seen.  This  arrangement,  moreover,  corresponds 
more  closely  with  the  periodic  variation  in  the  physical 
properties  of  the  elements  (p.  57). 

As  the  atomic  weight  becomes  higher,  the  change  of  pro- 
perties in  passing  from  any  element  to  the  one  with  the  next 
higher  atomic  weight  becomes  less  marked,  and  among  those 
having  the  highest  atomic  weights,  considerable  resemblance  is 
frequently  noticed  between  two  successive  elements.  Thus  gold 
in  many  properties  resembles  both  platinum  and  mercury,  and 
lead  is  nearly  related  to  thallium  on  the  one  hand,  and  bismuth 
on  the  other. 


Chemical  Properties  in  Relation  to  the  Periodic 
System. 

29  The  periodic  variation  of  both  physical  and  chemical  pro- 
perties as  we  pass  from  group  to  group  must  now  be  considered, 
taking  first  the  chemical  properties. 

Group  0  is  occupied  by  the  monatomic  gases  of  the  helium 
familjr,  which  form  no  compounds. 

The  most  strongly  electropositive  elements  known,  whose 
oxides  act  almost  exclusively  as  bases,  or  at  most  as  neutral  sub- 
stances, occur  in  groups  I  and  II  (table,  pp.  50-51),  whilst 
the  strongly  electronegative  elements,  whose  chief  oxides 
form  strong  acids,  occur  in  the  sixth  and  seventh  groups.  The 
third,  fourth,  and  fifth  groups  occupy  an  intermediate  position, 

^  Abegg,  Ber.,  1905,  38,  1386. 
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the  members  of  the  third  group  yielding  oxides  which,  with  the 
exception  of  those  of  the  elements  having  the  lowest  atomic 
weights,  have  for  the  most  part  basic  properties,  but  frequently 
act  as  acids  towards  stronger  bases ;  in  the  fourth  and  fifth 
groups  the  acidic  nature  of  the  oxides  is  most  prominent  in  the 
case  of  members  of  lower  atomic  weight,  whilst  the  higher 
members  show  an  increasing  tendency  to  form  basic  oxides. 
Those  members  of  the  sixth  and  seventh  groups  which  fall 
towards  the  centre  of  the  double  periods  form  both  basic  and 
acidic  oxides,  the  acid-forming  oxides  being  those  containing 
the  most  oxygen,  and  generally  corresponding  in  formula  with 
the  acid-forming  oxides  of  the  other  elements  of  the  same 
vertical  group.  The  members  of  the  eighth  group  usually  form 
basic  oxides,  but  the  higher  oxides  of  ruthenium  and  osmium  are 
strong  acid-forming  oxides. 

Considering  the  arrangements  in  short  and  long  periods  (p.  53). 
it  is  seen  that  the  elements  of  the  helium  group,  which 
must  be  regarded  as  electrochemically  indifferent,  fall  between 
the  strongly  electronegative  halogens  and  the  strongly  electro- 
positive alkali  metals.  Towards  the  centre  of  the  long  periods 
on  the  other  hand,  a  more  gradual  change  in  chemical  proper- 
ties occurs,  through  the  medium  of  the  metals  of  group  VIII. 

It  is  a  remarkable  fact  that,  excluding  the  first  two  series,  only 
the  elements  of  the  odd  series  (pp.  50-51)  form  organometallic 
derivatives  of  the  type  M^y.  in  which  M  is  a  metal  and  R  a 
hydrocarbon  radical.  The  composition  of  these  compounds 
corresponds  with  that  of  the  volatile  hydrogen  compound 
formed  by  the  typical  elements  of  the  group.  Thus  the 
compounds  Zn(C2Hg)2,  Sn(C2H5)^,  and  Sb(C2H5)g  are  known, 
whilst  no  such  substances  have  been  obtained  from  calcium, 
titanium,  or  vanadium. 


Valency. 

30  It  has  already  been  stated  that  the  valency  of  an  element 
cannot  be  regarded  as  constant,  but  that  it  varies  accordmg  to 
the  nature  of  the  elements  with  which  combination  occurs. 
There  is  nevertheless,  in  general,  a  regularity  in  the  valency 
of  the  elements  in  the  majority  of  their  compounds,  and  we 
usually  speak  of  them  as  monovalent,  divalent,  &c.,  accordmg 
to  their  behaviour  in  the  most  characteristic  of  their  compounds 
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This  typical  valency  shows  in  a  marked  manner  a  periodic 
variation  with  the  atomic  weight. 

The  group  numbered  zero  contains  the  remarkable  monatomic 
elements  of  the  helium  group,  which,  so  far  as  is  at  present 
known,  form  no  compounds  whatever,  and  must  therefore  be 
presumed  to  have  zero  valency.  Group  I  contains  the  whole 
of  the  metals  which  are  usually  monovalent  towards  hydrogen, 
the  halogens,  and  the  alkyl  radicals,  and  also  to  oxygen,  the 
typical  formulae  of  the  compounds  being  M^R  (R  =  H,CH3,C1, 
&c.)  and  Mg'O.  The  metals  of  the  second  group  act  in  most 
cases  as  divalent  elements  towards  the  halogens  and  alkyl 
radicals,  and  also  to  oxygen,  the  typical  formulae  being  W^B.^ 
and  M"0.  In  the  third  group  we  find  the  elements  which  are 
usually  trivalent  in  their  compounds  both  with  hydrogen,  or 
other  monovalent  radicals,  and  with  oxygen,  the  typical  formula 
of  these  being  M'^Rj  and  M^"  Og.  In  the  fourth,  we  have  the 
general  formulee  M'^^R^  and  M^'^Oj,  but,  in  addition,  compounds 
are  formed  by  these  elements  having  the  same  general  formula 
as  those  of  Group  II.  In  all  these  cases  it  is  found  that  among 
the  members  having  the  highest  atomic  weights  the  regularity 
is  less  marked;  thus  gold  is  more  frequently  trivalent  than 
monovalent,  thallium  forms  compounds  in  which  the  metal 
is  monovalent,  and  lead  in  its  most  characteristic  compounds  is 
divalent. 

Passing  on  to  the  fifth  group,  it  is  found  that  the  character- 
istic valency  in  the  hydrogen  compounds  differs  from  that  in 
the  oxygen  compounds,  the  members  being  trivalent  in  the 
hydrides,  and  pentavalent  in  the  highest  oxides,  the  general 
formulae  being  M"'H3and  M^  O5.  They  also  form  characteristic 
compounds  with  oxygen  in  which  the  metal  is  trivalent,  and 
behave  towards  the  halogens  in  the  same  manner  as  towards 
oxygen.  In  the  sixth  group  the  characteristic  valency  again 
becomes  less  towards  hydrogen,  the  typical  formula  being 
M^Hj,  whilst  with  oxygen  they  form  the  characteristic  acid- 
forming  oxides  M^'Og,  and  with  halogens  the  compounds  M'^'Clg. 
With  oxygen  and  halogens  they  form,  in  addition,  compounds 
having  the  same  general  formulae  as  those  of  the  elements  of 
Groups  II  and  IV.  The  members  of  the  seventh  group  are, 
like  those  of  the  first,  monovalent  towards  hydrogen,  but  they 
are  heptavalent  towards  oxygen  in  their  highest  oxides,  which 
have  the  general  formula  MJ"  O7.  Many  of  them  also  form 
oxides  corresponding  to  those  of  the  first,  third,  and  fifth  groups. 
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In  the  eighth  group  no  very  characteristic  valency  is  notice- 
able, but  it  is  only  in  this  group  that  oxygen  compounds  con- 
taining an  octavalent  element  are  found ;  only  two  of  these  are 
at  present  known,  namely  KUO4  and  OsO^.  A  characteristic 
of  many  members  of  this  group  is  the  formation  of  stable 
complex  cyanides,  such  as  the  ferrocyanides,  in  which  the  metal 
is  contained  in  the  acid  radical,  and  also  of  the  remarkable 
series  of  compounds  derived  from  ammonia,  such  as  the  cobalt- 
ammonium  and  platinammonium  salts. 

Physical  Properties  of    the    Elements  in   Relation  to 
THE   Periodic  System. 

31  As  with  the  chemical  properties,  so  it  is  found  that  almost 
all  the  physical  properties  of  the  elements  are  periodic  functions 
of  the  atomic  weight. 

(1)  Specific  Gravity  and  Atomic  Volume. 

One  of  the  most  characteristic  properties  of  the  elements  is 
their  specific  gravity  in  the  solid  or  liquid  state,  which  has  been 
determined  with  considerable  accuracy  in  the  majority  of  cases. 
The  following  table  (Landolt  and  Bornstein,  1912)  gives  the 
most  reliable  determinations  of  the  specific  gravity  at  the 
ordinary  temperature  (water  =1). 


Specific  Gravity  of  the  Elements. 


Aluminium  .     .     . 

2-70 

Chromium    . 

.     .     6-7 

Antimony     .     .     . 

6-62 

Cobalt      .     . 

.     .     8-6 

Arsenic     .... 

5-72 

Columbium  . 

.     .     8-4 

Barium     .... 

3-8 

Copper     .     . 

.     .     8-93 

Bismuth        .     .     . 

9-80 

Gallium   .     . 

.     .     5-92 

Boron 

2-45 

Germanium  . 

.     .     5-46 

Bromine  (liquid)    . 

3-14 

Glucinum      . 

.     .     1-93 

Cadmium      .     .     . 

8-64 

Gold    .     .     . 

.  19-2  -19-4 

Caesium    .... 

1-88 

Indium     . 

.     .     7-2 

Calcium  .... 

1-55 

Iodine .     .     . 

.     .     4-94 

Carbon  (amorphous) 

1-7  - 

1-9 

Iridium    .     . 

.     .  22-4 

„       (graphite). 

21  - 

2-3 

Iron     .     .     . 

.     .     7-86 

(diamond). 

3-5  - 

3-6 

Lanthanum  . 

.     .     615 

Cerium    .... 

6-8 

Lead    .     .     . 

.  11-34 

Chlorine  (liquefied) 

1-44 

Lithium  .     . 

.     .     0-53 

58                                              THE 

METALS 

Specific  Gravity  of  ' 

rHE  Elements  {continued). 

Magnesium  .     .     .     174 

Selenium 

.     4-3  - 

4-8 

Manganese   .     .     .     7 '39 

Silicon      .     .     . 

.     2-0  - 

2-5 

Mercury  (liquid)    .   13-55 

Silver  .... 

.  10-42- 

10-53 

Molybdenum     .     .     9-0 

Sodium    .     . 

.     0-97 

Neodymium      .     .     6-96 

Strontium     . 

.     2-54 

Nickel      .     .     .     .     8'8 

Sulphur    .     . 

.     1-92- 

2-07 

Osmium   ....  22-48 

Tantalum 

.  16-6 

Palladium     .     .     .US 

Tellurium     . 

.     6-25 

Phosphorus  (yellow)  1-83 

Thallium       . 

.  11-85 

„         (red)      .     2-20 

Thorium  .     . 

.  11-0 

Platinum      .     .     .21-4 

Tin      ... 

.     7-28 

Potassium     .     .     .     0-86 

Titanium 

.  .     4-5 

Praseodymium .     .     6-47 

Tungsten 

.  191 

Rhodium.     .     .     .  12-1 

Uranium 

.  18-7 

Rubidium     .     .     .     1-52 

Vanadium     . 

.     5-5 

Rubhenium  .     .     .  12-26 

Zinc     .     .     . 

.     .     6-86- 

7-2 

Samarium     .     .     .     7-75 

Zirconium     . 

.     .     6-4 

The  following  are  the  densities  (water  =  1),  at  their  boiling 
points,  of  elements  which  are  gaseous  under  atmospheric 
conditions : — 


Argon 1-405 

Chlorine 1-56 

Fluorine 1-14 

Helium 012 

Hydrogen 0-07 


Krypton 2-155 

Nitrogen 0"81 

Oxygen 1-118 

Xenon    ...  .     .  3'52 


The  specific  gravity  of  a  given  element  often  varies  slightly 
not  only  with  the  temperature,  but  also  with  the  physical 
condition.  Thus  cast  metals,  or  metals  deposited  electrolytically, 
become  denser  when  rolled  and  hammered,  electrolytic  copper 
having  a  sp.  gr.  of  8952,  which  rises  to  8-958  when  rolled,  and 
cast  zinc  a  sp.  gr.  of  7-0,  whilst  that  of  rolled  zinc  is  7-2.  The 
different  allotropic  modifications  of  the  same  element  also  have 
as  a  rule  different  specific  gravities,  but  in  all  these  cases  the 
difference  is  usually  small  compared  with  the  differences 
between  the  numbers  for  the  different  elements. 

The  periodic  variation  of  the  specific  gravity  at  once  becomes 
manifest  if  the  numbers  are  placed  under  the  symbols  of  the 
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elements  in  the  periodic  table.     Thus,  taking  the  second  typical 
period  and  first  double  period,  we  have  the  following : 

Na  Mg  Al  Si  P  S  CI 

Sp.gr.     0-97         1-74         2-70        2-5         2-0        1-9         1-4 


K 

Ca 

Sc 

Ti 

V        Cr       Mn 

Fe 

Co 

Ni 

0-86 

1-6 

— 

4-5 

5-5        6-7       7-4 

7-9 

8-6 

8-8 

Cu 

Zn 

Ga 

Ge         As 

Se 

Br 

8-9 

7-0 

5-9 

5-5         5-7 

4-4 

31 

The  specific  gravity  is  low  at  the  beginning  of  both  periods, 
increases  regularly  to  a  maximum  in  the  middle,  and  then 
decreases  until  it  has  again  become  very  low  at  the  end  of  the 
periods.  It  has  already  been  noted  that  the  difference  between 
the  atomic  weights  of  the  successive  elements  forming  the 
centre  of  the  double  period  is  smaller  than  the  average,  and  it 
will  be  observed  that  the  variation  of  specific  gravity  also  is 
less  for  these  elements. 

32  These  relations  become  more  strongly  marked  if,,  instead 
of  the  specific  gravities,  we  take  the  atomic  volumes,  i.e.  the 
numbers  of  cubic  centimetres  which  would  be  occupied  by' the 
atomic  weights  of  the  elements  in  grams.  If  these  are  arranged, 
as  suggested  by  Lothar  Meyer,  so  that  the  ordinates  represent 
the  atomic  volumes,  and  the  abscissae  the  atomic  weights, 
and  the  points  denoting  the  atomic  volumes  are  then  joined, 
we  obtain  a  line^  which  exhibits  the  periodic  relations  in  a 
graphic  manner. 

This  diagram  is  shown  on  p.  60,  up  to  and  including 
barium:  after  this  metal  the  number  of  gaps  due  to  incom- 
pletely investigated  or  missing  elements  becomes  so  large  that 
the  diagram  is  very  incomplete,  and  this  portion  has  therefore 
been  omitted. 

It  will  be  seen  that  the  atomic  volume  reaches  a  maximum  at 

'  Mendel6eff  points  out  that  this  diagram  is  open  to  the  objection  that  it 
does  not  indicate  that  there  is  only  a  limited  and  definite  number  of  elements 
in  each  period,  but  might  be  taken  to  imply  that  any  number  of  elements 
might  occur  in  each  period  ;  thus,  for  example,  it  might  be  assumed  that  an 
element  of  atomic  weight  25  might  exist  between  Mg  and  Al,  whose  atomic 
volume  would  then  be  about  1.3,  and  whose  properties  would  be  intermediate 
between  those  of  the  two  metals  named  ;  for  such  an  inference  there  is  in 
reality  no  ground,  and  it  must  therefore  be  borne  in  mind  that  the  line 
joining  the  points  representing  the  atomic  volumes  is  not  a  true  curve,  such 
as,  for  example,  those  representing  the  solubilities  of  salts,  but  is  simply 
drawn  to  render  the  periodic  variation  more  evident  to  the  eye. 
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the  commencement  of  each  of  the  two  typical  periods,  and  then 
at  the  commencement  of  the  double  periods,  falling  to  a  minimum 
at  the  middle  and  then  again  rising  to  the  end  of  the  period, 
and  from  the  last  member  of  each  period  a  further  rise  is 
observed  to  the  initial  member  of  the  next.  This  diagram, 
moreover,  brings  out  relationships  which  are  not  otherwise  so 
readily  perceived.  Thus  elements  whose  atomic  volumes  arc 
very  nearly  equal  possess  very  different  properties  according  as 
they  are  on  an  ascending  or  a  descending  portion  of  the  line 
or,  in  other  words,  according  as  they  have  a  smaller  or  larger 
atomic  volume  than  the  element  having  the  next  higher  atomic 
weight.  This  is  exemplified  in  the  cases  of  aluminium  and 
phosphorus,  chlorine  and  calcium,  molybdenum  and  cadmium,  &c. 
Elements  which  are  characterised  by  the  properties  of  ductility 
or  brittleness  always  occur  in  corresponding  positions  in  the 
diagram,  the  ductile  elements  being  found  at  a  maximum  or 
minimum,  or  immediately  following  the  latter.  The  periodic 
variation  in  these  properties  is  clearly  indicated  in  the 
diagram. 

The  work  of  Richards  ^  has  shown  that  the  line  representing 
the  variation  of  compressibility  of  the  solid  elements  with  their 
atomic  weight  runs  parallel  to  the  atomic  volume  line,  and  this 
suggests  that  atomic  volume  and  compressibility  are  funda- 
mentally connected.  According  to  Richards'  theory  of  com- 
pressible atoms,  this  connection  is  a  natural  one,  for  it  is  to  be 
expected  that  the  atoms  with  a  large  volume  should  be  more 
compressible  than  those  which  have  a  small  volume  and  are 
therefore  presumably  under  great  cohesive  pressure. 


(2)  Melting  Point  of  the  Elements. 

33  Another  characteristic  property  of  most  elementary  sub- 
stances is  the  melting  point,  although  this  has  not  been 
accurately  determined  in  the  case  of  so  many  elements  as  the 
specific  gravity,  chiefly  owing  to  the  difficulties  of  obtaining 
correct  results  for  those  elements  which  melt  either  at  a  very 
high  or  a  very  low  temperature.  The  following  list  gives  the 
melting  points  and  boiling  points  of  the  elements,  so  far  as 
definite  values  are  available  (Landolt  and  Bornstein).^ 

1  See  Jourii.  Ckem.  Soc,  1911,  99,  1214 

2  See  also  Harker,  Proc.  Roy.  Iu-<tilidion,  1912. 
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Melting  and  Boiling  Points  of  the  Elements. 


Melting  point. 

Boiling  point. 

Helium 

— 

.     .     -  268-7°  C 

Hydrogen  .... 

.     -  258-9°  C. 

.     .     .     -252-6 

Oxygen 

.     -227 

.     .     .     -182-5 

Fluorine          .     .     . 

.     -233 

.     .     .     -187 

Nitrogen    . 

.     -210-5 

.     .     .     -195-5 

Argon    

.     -187-9 

.     .     .     -186-1 

Krypton     .... 

.     -169 

.     .     .     -151-7 

Xenon    

.     -140 

.     .     .     -109-1 

Chlorine     .... 

.     -101-5 

.     .     .     -   33-7 

Mercury 

.     -   38-8 

.     .     .        357 

Bromine     .... 

-     7-3 

.    58-6-63-0 

Caesium 

26-5 

.     .     .        670 

Gallium 

30-1 



Rubidium 

38-5 

.     .         696 

Phosphorus     . 

44-3 

.     .     .         287-3 

Potassium 

62-5 

.     .         757-5 

Sodium 

97-6 

.     .         877-5 

Iodine 

113-0 

.     .         184-3 

Sulphur 

/112-8 
\ll9-2 

.     .         444-6 

Indium .          .     .     .     . 

155 

Lithium 

179 

Selenium   .          .     .     . 

217 

.     .         690 

Tin 

231-9 

.      ca.  2270 

Bismuth     .          ... 

270 

.  1420-1435 

Thallium 

303 

Cadmium  .          ... 

321 

.     .         778 

Lead 

327 

.     .  1525-1580 

Zinc 

419 

918 

Tellurium 

455 

.     .       1390 

Cerium 

623 

Antimon}^ 

630 

.     . ca  1440 

Magnesium.     .     . 

650 

.     .eall20 

Aluminium 

657 

.     .  ca  1800 

Calcium 

800 

Strontium  .     . 

ca  800 

Lanthanum    .... 

810 

Neodymium    .... 

840 

Barium 

850 

_ 
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Melting  and  Boiling  Points  of  the  Elements. 
(continued). 


Praseodymium  .  .  . 
Germanium  .  .  .  . 
Silver    .... 

Gold 

Copper  

Manganese     .... 

Nickel 

Cobalt 

Iron 

Palladium 

Chromium 

Vanadium 

Platinum 

Columbium  (Niobium) 
Molybdenum  .     .     ,     . 

Tantalum 

Iridium 


Melting  point. 

940°  C. 
ca958 
961 

1064 

1083 
ca  1240 

1452 

1490 
ca  1520 

1549 
ca  1550 
ca  1680 

1750 
ca  1950 
ca  2110 
ca  2250 
ca  2300 


Boiling-point. 

.  ca  2000°  C. 

. ca  1900 

ca  2450 
. ca  2200 


The  boiling  points  of  certain  metals  have  also  been  deter- 
mined in  a  high  vacuum  by  Krafft,^  with  the  following 
results : — 


Mercury   .     . 
Potassium     . 

.     155°  C. 
.     365 

Zinc .     .     . 
Bismuth     . 

.     550°  C 
.     993 

Sodium     .     . 

.     418 

Silver 

.  1360 

Cadmium 

.     450 

It  has,  moreover,  been  shown  by  Moissan  ^  that  all  the  metals, 
without  exception,  can  be  boiled  under  atmospheric  pressure  in 
the  electric  furnace,  the  temperature  of  which  is  probably  not 
greater  than  3500°  C. 

Carnelley  has  published  a  series  of  important  papers,^  dealing 
with  the  melting  points  of  the  elements,  and  has  shown  that, 
like  the  specific  gravities,  these  also  are  periodic  functions 
of  the  atomic  weight.     This  is  readily  seen  from  the  following 

1  Ber.,  1905,  38,  262. 
■'  Compt.  rend.,  1906,  142,  189,  425,  673. 

3  Published  in  Jojirm.  Chem.   Soc,   Proc.   Roy.  Soc,  and  Phi.  May.  from 
1876  onwards. 
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table  (p.  65)  taken  from  one  of  Carnelley's  papers/  with  some 
modifications  of  the  numbers,  rendered  necessary  by  more  recent 
determinations  of  the  melting  points  of  some  elements.  The 
numbers  are  in  many  cases  only  approximate,  and  all  are  given 
in  absolute  temperatures,  taking  —  273°  C.  as  zero. 

If  the  melting  points  are  mapped  out  in  the  same  manner  as 
the  atomic  volumes,  a  periodic  curve  is  obtained,  in  which, 
however,  the  maxima  occur  in  the  centre  of  the  second  and 
third  periods,  and  afterwards  in  the  centre  of  the  double  periods, 
whilst  the  minima  occur  at  the  ends. 

Carnelley  has  further  shown  that  the  melting  points  of  analo- 
gous compounds  of  the  elements  exhibit  the  same  periodic 
variation  with  the  atomic  weight  as  those  of  the  elements 
themselves. 

(3)  Conductivity  of  Metals. 

34  The  conductive  power  of  the  metals  for  heat  and  electricity, 
which  is  almost  invariably  far  greater  than  that  of  the  non- 
metals  and  all  chemical  compounds,  varies  considerably  also 
in  the  different  metals,  and  even  in  the  same  metal,  according 
to  its  physical  condition  and  chemical  purity.  The  order  of 
conductive  power  of  the  metals  is  the  same  for  both  heat  and 
electricity,  a  fact  first  pointed  ou  t  by  Forbes  ^  in  1833.  Generally 
speaking,  the  soft  metals  conduct  best,  and  the  conductivity  of 
all  metals  becomes  lower  as  the  temperature  rises.  Dewar  and 
Fleming  3  have  shown  that,  as  the  temperature  is  lowered,  the 
conductivity  of  all  metals  tends  to  become  more  nearly  equal, 
and  the  curves  representing  the  conductivity  at  different 
temperatures  indicate  that  at  the  absolute  zero  the  conductivity 
of  all  of  them  would  become  perfect,  or,  in  other  words,  at  that 
temperature  the  resistance  would  be  nil. 

These  properties,  as  well  as  almost  all  the  other  physical 
properties  of  the  element,  such  as  volatility,  magnetic  and 
diamagnetic  properties,  heats  of  formation  of  compounds, 
thermal  expansion,  formation  of  coloured  ions,  and  even 
elasticity  and  breaking  strain,  indicate  the  same  general 
periodic  variation  as  has  already  been  shown  for  the  specific 
gravity,  compressibility,  and  melting  point;  space  will  not 
permit  the  discussion  of  these  here,  but  for  details  reference 

'  Phil.  Mao.,  1S79  [5],  8,  315.  2  Phil.  Mag.,  1833,  4,  27. 

"  Phil.  Mag.,  1893  [5],  36,  271. 
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may  be  made  to  Lothar  Meyer's  "Modern  Theories  of 
Chemistry,"  translated  by  Bedson  and  Williams  (Longmans).i 
35  There  is,  however,  one  important  physical  property  which 
does  not  exhibit  this  periodic  variation,  viz.,  the  atomic  heat. 
As  already  shown  (p.  16),  this  is  approximately  constant,  and 
the  fact  is  made  use  of  in  determining  the  true  atomic  weight 
of  an  element  from  its  equivalent.  The  exceptions  to  this  rule 
are  found  among  those  elements  of  low  atomic  weight  which  fall 
below  an  oblique  line  drawn  across  Lothar  Meyer's  diagram 
from  the  commencement  to  the  vertical  line  representing  an 
atomic  weight  of  40  (see  table,  p.  60),  whilst  those  above  the 
line  follow  the  law.  Without  reference  to  the  diagram,  this  may 
be  expressed  by  saying  that  of  the  elements  having  an  atomic 
weight  of  less  than  40,  only  those  agree  with  Dulong  and 
Petit's  rule  at  the  ordinary  temperature,  whose  sp.  gr.  in  the 
solid  state  is  less  than  1'75. 


CORBECTION   OF   DoUBTFUL  ATOMIC   WEIGHTS. 

36  The  periodic  arrangement  of  the  elements  has  proved  of 
great  value  in  checking  doubtful  atomic  weights.  In  1869,  when 
Mendeleeff  first  promulgated  his  theory,  the  atomic  weights 
then  accepted  for  many  elements  did  not  allow  of  their  being 
placed  in  a  position  corresponding  to  their  properties,  and 
Mendeleeff  boldly  concluded  that  in  such  cases  either  the 
equivalent  had  been  wrongly  determined,  or  an  incorrect 
multiple  of  the  latter  had  been  taken  for  the  atomic  weight. 
In  almost  every  instance  subsequent  research  has  justified 
this  conclusion.  Thus,  for  example,  the  atomic  weight  of 
molybdenum  was  given  by  some  chemists  as  92,  and  by  others 
as  96,  and,  as  the  former  figure  placed  the  metal  before  the 
pentavalent  columbium,  Mendeleeff  adopted  the  number  96, 
which  placed  it  in  the  same  group  as  chromium ;  this  is  now 
the  accepted  value.  Again,  the  atomic  weights  of  the  four 
elements,  gold,  platinum,  iridium,  and  osmium,  were  at  that 
time  taken  as  Au  195-2,  Pt  195-7,  Ir  195-7,  and  Os  197-6, 
whereas  according  to  the  requirements  of  the  periodic  system 

'  See  also  Rudorf,  The  Periodic  Classification  and  the.  Problem  of  Chemical 
Euolution  (London  and  New  York,  Whittaker  &  Co.,  1900)  ;  Richards, 
Faraday  Lecture,  Journ.  Chem.  Soc,  1911,  99,  1201. 
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the  order  should  be  reversed,  osmium  having  the  lowest  and 
gold  the  highest  atomic  weight ;  this  also  has  been  proved  by 
the  redeterminations  made  by  Lothar  Meyer  and  Seubert, 
Thorpe  and  Laurie,  and  Kriiss,  the  numbers  now  adopted  being 
Os  190-9,  Ir  1931,  Pt  195-2,  and  Au  197-2. 

The  atomic  weight  of  indium  was  at  first  taken  as  75-2,  and 
the  formula  of  the  chloride  as  InClg,  but  for  an  element  of  this 
atomic  weight  no  place  was  available  in  the  periodic  system ;  if, 
however,  the  formula  of  the  chloride  is  taken  as  InClg,  the 
atomic  weight  becomes  112-8,  and  the  element  then  falls 
naturally  between  cadmium  and  tin,  and  in  the  same  group  as 
aluminium.  Determinations  of  the  specific  heat  of  the  metal 
and  the  vapour  density  of  the  chloride  have  subsequently 
proved  the  correctness  of  the  supposition.  Uranium  was 
formerly  supposed  to  have  an  atomic  weight  of  60,  and  later, 
of  120,  neither  of  these  numbers  fitting  into  the  periodic 
system.  The  metal,  however,  falls  in  naturally  if  the  atomic 
weight  be  about  240,  and  this  was  confirmed  by  Roscoe's 
determination  of  the  vapour  density  of  uranium  chloride,  UClj, 
and  by  Zimmermann's  determination  of  the  specific  heat  of  the 
metal.  Another  element  whose  atomic  weight  was  doubtful 
was  glucinum,  which  was  regarded  by  some  as  a  divalent  metal 
of  atomic  weight  9,  and  by  others  as  a  trivalent  metal  of  atomic 
weight  13-5.  The  determination  of  the  vapour  density  of 
glucinum  chloride  has  now  shown  that  this  has  the  formula 
GlClg ;  the  atomic  weight  must  therefore  be  9,  which  agrees 
with  the  demands  of  the  periodic  system. 

37  In  the  table  given  above  (pp.  50-51)  the  sequence  of 
atomic  weights  has  been  broken  in  three  places  in  order  to 
maintain  certain  elements  in  the  groups  to  which  their  chemical 
and  physical  properties  assign  them ;  argon  (39-88)  precedes 
potassium  (39-10);  tellurium  (127-5)  precedes  iodine  (126-92); 
and  cobalt  (58-97)  precedes  nickel  (58-68),  The  chemical 
properties  of  argon  and  tellurium  are  so  well  marked  that  there 
seems  no  doubt  that  these  elements  have  been  correctly  placed, 
and  there  is  at  least  a  possibility  that  more  extended  investi- 
gation may  show  that  their  atomic  weights  are  not  so  high  as 
they  are  at  present  thought  to  be.  Cobalt  is  usually  placed 
before  nickel,  both  on  account  of  its  physical  and  chemical 
relations  to  iron  and  nickel,  and  because  of  the  close  analogy 
which  many  of  its  compounds  present  to  those  of  rhodium  and 
iridium.      These   reasons   cannot,   however,   be   considered   as 
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having  the  same  weight  as  those  which  apply  to  argon    and 
tellurium.^ 

ExISTE^^cK  of  Unknown  Elements. 

38  The  arrangement  of  the  elements  according  to  the  periodic 
system  leaves,  as  already   seen,   a   number   of  blanks,   which 
Mendeleeff  assumed  were  to  be  filled  by  elements  then  undis- 
covered, and  he   suggested  that,  from  the  properties  of  the 
elements  with  the  next  highest  and  lowest  atomic  weights,  and 
from  those  of  the  other  members  of  the  same  group,  it  was 
possible  to  predict  very  closely  the  properties  such  elements 
would  have  when  discovered.    Thus,  for  instance,  were  selenium 
unknown,  its  properties  could  be  largely  predicted  from  those  of 
arsenic  and  bromine  on  the  one  hand,  and  of  sulphur  and  tel- 
lurium on  the  other,  these  elements  being  termed  by  Mendeleeff 
the  "  atom  analogous  "  of  the  element  in  question.      At  that 
time  there  were  three  gaps  for  elements  with  atomic  weights 
less   than   75,   namely,   one   having   an   atomic  weight  of  44, 
corresponding    to    boron,    one   of    atomic   weight    about    69, 
corresponding  to  aluminium,  and  one   of  atomic  weight    72, 
corresponding    to    silicon.     To    these    hypothetical    elements 
Mendeleeff    gave    the    names    Ekaboron,   Ekaluminium,   and 
Ekasilicon  (from  the   Sanskrit   Eka,  one),  and,  proceeding  in 
the   manner  indicated,   he   gave    in    considerable   detail    the 
properties  such  elements  would  possess.     In  less  than  twenty 
years  his  predictions  were  completely  verified  by  the  discovery 
of  gallium  by  Lecoq  de  Boisbaudran  in  1875,  of  scandium  by 
Nilson  in  1879,  and  of  germanium  by  Winkler  in  1887.     The 
first  is  Mendeleeff's  ekaluminium,  the   second  ekaboron,  and 
the  third  ekasilicon,  and  the  striking   manner   in   which   the 
forecast  was  fulfilled  in  each  case  may  be  seen  from  the  follow- 
ing table,  in  which  the  predicted  properties  and  those  actually 
observed  are  arranged  in  parallel  columns. 

Ekaboron,  Bcanctiultl. 

At.  wt.  44.  At.  wt.  441. 

Oxide  EbgOg,  sp.  gr.  3-5,  ScgOg,  sp.  gr.  3-86. 

Sulphate  EbsjCSOJy  Sc^CSOJg. 

Double     sulphate     not  iso-     Sc2(SO,)3.3K2SO— slender 
inorphous  with  alum.  prisms. 

1  For  a  discussion  of  the  evidence  bearing  on  tlie  atomic  weight  of  tellurium, 
see  Vol.  I.,  p.  483. 
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Ekaluminiuin.  Gallium. 

At.  wt.  68,  sp. gr.  6-0.  At.  wt.  699,  sp.  gr.  5-92, 

Ekasilicon.  Germanium. 

At.  wt.  72,  sp.  gr.  5-5.  At.  wt.  72-5,  sp.  gr.  5-46. 

Oxide,  EsOa,  sp.  gr.  4-7.  Oxide,  GeOg,  sp.  gr.  4-7. 

Chloride,  EsCl^,  liquid,  boiling     Chloride,  GeCl^,  liquid,  boiling 
slightly  below  100°,  sp.  gr.  at  86°,  sp.  gr.  1-887. 

1-9. 
Ethide,  EsCCaHs)^,  liquid,  boil-      Ethide,  GeCC^HgX,  liquid,  boil- 
ing at  160°,  sp.  gr.  0-96.  ing  at  160°,  sp.  gr.  slightly 

less  than  that  of  water. 
Fluoride,  EsF^,  not  gaseous.  Fluoride,     GePVSHgO,    white 

solid  mass. 
39  From  the  above  it  will  be  seen  that  the  periodic  system 
of  classification  rests  on  a  very  firm  basis,  the  successful  prediction 
of  the  properties  of  undiscovered  elements  forming  very  strong 
evidence  in  favour  of  the  general  plan.  In  certain  respects  the 
system  will  doubtless  undergo  modification  as  our  knowledge 
increases,  for  difficulties  occur  which  cannot  at  present  be  ex- 
plained. Thus  there  are  elements  sometimes  in  the  same  group 
between  which  only  a  limited  amount  of  analogy  can  be  traced, 
and,  on  the  other  hand,  elements  which  have  a  good  deal  in  com- 
mon are  sometimes  separated  widely.  The  members  of  the  higher 
periods  often  show  considerable  deviation  in  properties  from 
the  corresponding  members  of  the  lower  periods,  but  when  the 
very  numerous  gaps  existing  in  the  former  shall  have  been  filled 
up,  and  the  elements  at  present  only  slightly  known  are  more 
accurately  investigated,  these  relations  will  perhaps  become 
more  plain. 

Only  four  of  the  numerous  metals  of  the  rare  earths  (Sc,  Yt, 
La,  and  Ce)  are  assigned  definite  places  in  the  foregoing  tables, 
and  the  problem  as  to  the  relation  of  the  remaining  members  of 
this  family  to  the  periodic  classification  has  given  rise  to  much 
discussion.  In  the  prevailing  uncertainty  as  to  the  individuality 
of  many  of  the  substances  of  this  class  hitherto  described,  and  in 
the  absence  of  any  complete  knowledge  of  the  physical  and 
chemical  properties  of  the  metals  themselves,  it  is  impossible  at 
present  to  express  any  decided  opinion.  It  has,  however,  been 
suggested  ^  that  in  this  family  of  elements  certain  positions  in 
the  periodic  system  are  occupied  not  by  a  single  element,  but  by 

1  See  Brauner,  J.  Hum.  Phyii.  Chem.  Soc.,  1902,  34,  142  ;  Bilfcz,  Bei:,  1902, 
35,  562. 
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a  group  of  elements  differing  very  slightly  in  atomic  weight  and 
chemical  properties.  .  . 

A  further  difficulty  is  found  in  the  anomalous  position  ot 
hydrogen,  which  forms  the  sole  member  of  the  first  series  at 
present  known,  and  which  in  its  properties  differs  to  so  great  an 
extent  from  all  other  known  elements.  It  resembles  the  alkali 
metals  inasmuch  as  it  is  monovalent  and  strongly  electro- 
positive, but  differs  very  greatly  from  them  in  other  respects. 
On  the  other  hand,  it  has  been  maintained  ^  that  hydrogen 
as  a  monovalent,  diatomic  gas  falls  naturally  at  the  head  of 
the  halogen  group,  and  the  great  similarity  in  properties  of  the 
hydrocarbons  to  their  halogen  substitution  derivatives  is  adduced 
as  evidence  of  chemical  analogy  between  hydrogen  and  the 
halogens.  This  relation,  moreover,  appears  to  accord  better 
with  the  sequence  of  atomic  weights,  the  difference  between 
hydrogen  and  fluorine  being  18,  whilst  that  between  hydrogen 
and  lithium  is  6,  a  much  lower  number  than  is  observed  else- 
where between  two  members  of  a  vertical  group. 

Mendeleeff  himself  regards  hydrogen  as  standing  at  the  head 
of  group  I.,  and  as  being  one  of  a  series  consisting  of  two 
elements  only,  the  missing  element  being  a  member  of  the 
helium  family,  of  atomic  weight  less  than  0-4.  MendeMeff 
further  suggests  ^  that  this  element  may  be  identical  with 
the  unknown  element  coronium,  to  which  certain  lines  of 
the  spectrum  of  the  outermost  region  of  the  solar  corona 
have  been  ascribed.  He  has  also  put  forward  the  surmise 
that  the  ether  itself  may  in  reality  be  composed  of  atoms 
of  an  element  of  about  one-millionth  of  the  atomic  weight 
of  hydrogen,  which  he  places  in  a  zero  series  preceding  that 
containing  hydrogen. 

Many  attempts  have  been  made  to  modify  Mendeleeff 's  table, 
so  as  to  reduce  the  number  of  anomalies  and  bring  out  more 
clearly  the  relations  between  the  elements,  but  none  of  these 
proposals  has  as  yet  been  generally  accepted.* 

1  Orme  Masson,  CUm.  News,  1896,  72,  283. 

^  Principles  of  Chemistry,  Vol.  II.  Appendix  III.  (Longmans,  Green,  and  Co., 
London,  1905). 

'■>  See  on  this  point,  Riidorf,  The  Periodic  Olassijicatioii  and  the  Prdbhm  of 
Chemical  Evolution  (Whittaker  and  Co.,  London  and  New  York,  1900),  where 
references  to  the  literature  up  to  1900  will  be  found  ;  Werner,  Ber. ,  1905,  38, 
914  ;  Armstrong,  Proc.  Roy.  Soc,  1902,  70,  86  ;  Reynolds,  Joum.  Chem.  Soc, 
1902,  81,  612  ;  Zengelis,  Chem.  Zeit.,  1906,  25,  294 ;  Schmidt,  Zeil.  physikal. 
Chem.,  1911,  75,  651 ;  Baur,  ibid.,  1911,  76,  569  ;  Sanford,  /.  Amer.  Chem. 
Soc,  1011,  33,  1349. 
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CRYSTALLINE    FORM    OF    METALS. 

40  Most  metals,  as  well  as  their  alloys,  can  be  obtained  in 
the  crystalline  state,  and  those  occurring  as  minerals  in  the 
native  condition  are  often  found  crystallised ;  this  is  the  case 
with  gold,  silver,  copper,  platinum,  iridium,  palladium,  gold- 
amalgam,  and  silver-amalgam.  In  general,  the  form  which  they 
assume  is  one  belonging  to  the  regular  system,  such  as  the 
octahedron  or  the  cube,  or  a  combination  of  these  forms.  Some 
few,  such  as  zinc,  antimony,  and  bismuth,  crystallise  in  the 
hexagonal  system,  and  the  two  latter  metals,  which  closely 
resemble  arsenic,  are  found,  as  this  is,  crystallised  in  rhombo- 
hedra.  On  the  other  hand,  a  few  metals,  such  as  tin  and 
potassium,  crystallise  in  the  tetragonal  system. 

To  obtain  metals  in  the  crystalline  state  several  processes 
can  be  adopted.  Crystals  of  metals  which  fuse  readily  can  be 
obtained  by  solidification  after  fusion.  Bismuth,  antimony,  lead, 
and  tin  may  thus  be  crystallised,  and,  in  a  similar  way,  sodium 
and  potassium ;  in  the  latter  cases  air  must  of  course  be 
excluded.  Metals  which  are  easily  volatilised,  such  as  zinc, 
cadmium,  and  potassium,  may  be  obtained  in  crystals  by 
condensation  from  the  gaseous  state,  whilst  other  metals,  such 
as  silver,  thallium,  and  lead,  can  be  readily  crystallised  by  the 
electrolysis  of  solutions  of  their  compounds.  The  metals 
separate  out  in  lustrous  crystalline  plates,  and  the  exhibition  of 
this  phenomenon  on  the  screen  forms  one  of  the  most  striking 
and  beautiful  of  lecture-room  experiments.  The  crystallisation 
of  metals  is  well  illustrated  also  by  the  formation  of  the  lead- 
tree  when  a  piece  of  zinc  is  immersed  in  a  solution  of  lead 
acetate. 

The  fracture  of  metals  is  an  important  characteristic  intimately 
connected  with  the  crystalline  form,  and  in  many  instances  it  is 
of  importance  as  giving  a  knowledge  of  the  purity,  or  otherwise, 
of  the  metal.  The  following  varieties  of  fracture  are  generally 
recognised : — 

(1)  Crystalline  fracture;  as  in  antimony,  bismuth,  zinc, 
spiegel-iron,  &c. 

(2)  Granular  fracture  ;  as  in  grey  forge  pig-iron. 

(3)  Fibrous  fracture ;  as  in  bar  and  wrought  iron  when  partly 
broken  by  bending. 

(4)  Silky  fracture ;  as  in  a  piece  of  tough  copper. 
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(5)  Columnar   fracture;    as   observed   in   the   grain   tin   of 

commerce. 

(6)  Conchoidal  fracture;  noticed  in  the  cases  of  native 
arsenic  and  certain  brittle  alloys,  such  as  that  composed  of  one 
part  of  copper  to  two  of  zinc  (Percy). 

COLLOIDAL    SOLUTIONS    OF    METALS 

41  When  dilute  solutions  of  many  metallic  salts  are  treated 
with  reducing  agents,  the  metal  which  is  produced  is  not 
precipitated  in  the  solid  form,  but  remains  dissolved  in  the 
colloidal  state  (Vol.  I.,  p.  916).  In  this  way  Faraday,  as  early 
as  1857,  by  reducing  solutions  of  gold  chloride  with  phosphorus, 
succeeded  in  preparing  red-coloured  solutions  of  gold,  which 
could  be  preserved  for  many  years  without  depositing  any  of 
the  metal.  Such  solutions  can  be  freed  from  the  other  products 
of  the  reduction  and  from  the  excess  of  reducing  agent  by 
dialysis,  and  then  form  coloured  liquids,  which  are  often  stable 
for  a  long  period,  and  exhibit  in  a  very  characteristic  manner 
the  properties  of  colloidal  solutions.  They  can  be  boiled  as  a 
rule  without  any  metal  separating  out,  and  can  in  some  cases, 
such  as  that  of  gold  reduced  by  quinol,  be  evaporated  to  dryness, 
leaving  a  residue  which  is  soluble  in  water  and  retains  its 
solubility  even  when  preserved  for  a  considerable  time  in  the 
dry  state.  The  metal  is  precipitated  in  the  insoluble  form 
(coagulated)  when  soluble  electrolytes  are  added  to  the  solution, 
and  is  deposited  in  the  solid  state  at  the  anode  when  a  current 
of  electricity  is  passed  through  the  liquid,  whereas  in  the 
electrolysis  of  a  metallic  salt  the  metal  is  deposited  at  the 
cathode.  As  already  mentioned,  the  metal  will  not  diffuse 
through  a  colloid  membrane,  and  in  many  respects  these  solutions 
present  an  extremely  close  analogy  with  the  solutions  of  the 
organic  colloids,  substances  which  usually  possess  a  very  high 
molecular  weight. 

Investigation  with  the  ultramicroscope  shows  that  the 
colloidal  solution  of  a  metal  consists  of  extremely  minute 
particles  of  the  metal  in  a  state  of  suspension.  These  are  in 
constant  motion,  the  rate  of  movement  increasing  as  the  size  of 
the  particles  diminishes.^ 

The  reducing  agents  which  have  been  found  most  suitable 
for  the  production  of  colloidal  metals  are  phosphorus,  hypophos- 
'  See  Zsigmondy's  CoHoidx  and  the  Ultramicroscope. 
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phorous  acid,  ferrous  sulphate,  hj'droxj'lamine  hj'drochloride, 
hydrazine  hydrate,  formaldehyde,  qiiinol,  pyrogallol,  and  other 
similar  substances.^ 

Another  extremely  interesting  method  of  preparing  colloidal 
solutions  of  the  metals  consists  in  setting  up  an  electric  arc 
between  two  poles  of  the  metal  under  water  or  very  dilute 
alkali.^  In  these  circumstances  pulverisation  of  the  cathode 
occurs,  and  the  finely  divided  metal  thus  produced  remains  in 
colloidal  solution  in  the  water.  In  this  way,  for  example, 
almost  opaque  dark-coloured  solutions,  containing  a  maximum 
of  O'Olo^  of  platinum,  and  bluish-violet  solutions  of  gold  of 
similar  concentration,  as  well  as  solutions  of  silver,  iridium,  and 
cadmium,  can  readily  be  prepared.  A  number  of  other  metals, 
including  mercury,  copper,  iron,  nickel,  and  zinc,  can  be  brought 
into  colloidal  solution  by  a  slight  modification  of  this  method, 
which  consists  in  employing  a  thin  layer  of  the  metal,  deposited 
on  the  surface  of  another  metal,  as  the  cathode. 

The  solutions  of  platinum  obtained  in  this  way  promote  the 
combination  of  hydrogen  and  oxygen  at  ordinary  temperatures, 
and  decompose  hydrogen  peroxide  in  the  same  way  as  does 
platinum  black.  In  its  behaviour  towards  hydrogen  peroxide 
colloidal  platinum  is  strikingly  similar  to  certain  organic 
enzymes,  and  has  accordingly  been  described  by  Bredig  as  "  an 
inorganic  ferment." 

The  stability  of  solutions  of  these  metallic  colloids  is  much 
increased  by  the  presence  of  other  colloids  such  as  gelatin. 
Advantage  has  been  taken  of  this  property,  in  some  cases,  by 
preparing  the  colloidal  metal  in  the  presence  of,  or  even  by  the 
reducing  action  of,  an  organic  colloid.  Thus,  Carey  Lea  has 
described  a  number  of  colloidal  forms  of  silver  produced  in  the 
presence  of  dextrin  and  similar  substances,  whilst  Paal  has 
prepared  several  metals  in  a  remarkably  stable  colloidal  form 
in  presence  of  certain  products  of  the  decomposition  of  egg 
albumin  by  alkalis.  The  colloidal  forms  of  certain  refractory 
metals,  such  as  osmium  and  tungsten,  have  been  employed  m 
the  manufacture  of  filaments  for  electric  lamps. 

The  specific  properties  of  the  different  colloidal  metals  will 
be  found  under  the  heading  of  the  metals  concerned. 

1  For  details  see  Svedberg's  Die  Methoden  zur  Herslellimfj  loUoi'hr 
Losungen  anorganischer  Sloffe  (Theodor  Steinkopff;  Dresden,  1909);  Wo. 
Ostwald's  Grundriss  der  Kolloidchemie  (Steinkopff). 

2  Bredig,  Zeif.  Electrochem. ,  1898,  4,  514  ;  Zeit.  angev.  Chem.,  1898,  9.54; 
AnorganUclie.  Fe.rmente  (Engelmann,  Leipzig,  1901). 
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ALLOYS  AND  AMALGAMS. 

42  Especially  characteristio  of  the  metals  as  a  class  are  the 
mixtures  and  compounds  which  different  metals  form  with  one 
another,  and  to  which  the  name  of  alloy  is  given  (derived 
through  the  French  from  the  Latin  alligare,  to  bind  to). 
Amongst  chemical  compounds  in  general,  those  are  found  to  be 
most  stable,  and  to  show  the  greatest  amount  of  chemical  indi- 
viduality, whose  constituents  are  the  most  diverse.  In  the  case 
of  the  alloys,  however,  the  essential  properties  of  the  metals  are 
uniformly  reproduced.  Thus,  they  all  possess  metallic  lustre  and 
they  conduct  heat  and  electricity  well,  even  when  they  assume 
distinct  crystalline  forms  and  contain  their  constituents  in  the 
proportion  of  their  combining  weights.  Hence  alloys  are  dis- 
tinguished from  the  compounds  which  the  metals  form  with 
such  elements  as  oxygen,  sulphur,  and  chlorine,  in  which  the 
general  properties  of  the  metals  have  undergone  a  complete 
change.  So  great  indeed  is  the  resemblance  between  the  alloys 
and  the  metals  proper  that  in  all  ages,  in  common  parlance, 
they  have  been  confused  under  the  same  name.  The  early 
Greek  alchemists  classed  electrum,  an  alloy  of  gold  and  silver, 
amongst  the  metals,  giving  to  it  the  sign  of  Jupiter,  and  even 
nowadays  the  word  metal  is  often  employed  to  designate  an  alloy. 

The  union  of  metals  to  form  alloys  may  be  brought  about  in 
several  different  ways,  of  which  only  four  will  be  mentioned. 

(1)  By  fusing  together  the  constituent  metals. 

(2)  By  strong  compression  of  the  finely  powdered  metals. 

(3)  By  electro-deposition. 

(4)  By   the    simultaneous   reduction   of    the   constituent 
metals. 

The  first  method  is  by  far  the  most  important  of  the  four, 
as  almost  all  alloys  are  produced  in  this  way  on  the  large  scale. 
The  second  method  has  not  received  any,  and  the  third  only  a 
limited  technical  application,  whilst  the  fourth  is  the  primitive 
method  by  M'hich  brass  and  other  alloys  were  first  produced,  and 
which  has  certain  applications  at  the  present  time.  These  may 
therefore  be  shortly  discussed  before  passing  on  to  the  con- 
sideration of  the  first  and  chief  method. 

Gom:prcssion.~The  union  of  powdered  metals  to  form  alloys 

when  strongly  compressed  was  first  observed  by  Spring,^  who 

1  Bull  Acad.  roy.  Belg.,   1878,  45,  No.  6;  1880,  49,  No.  5:  Bar.,  1882, 
15,395, 
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subjected  the  mixed  powders  to  pressures  up  to  forty  tons  per 
square  inch  in  a  steel  cylinder,  and  in  this  manner  obtained 
alloys  identical  with  those  obtained  by  fusion.  It  might  be 
supposed  that  the  union  is  effected  by  the  heat  evolved  during 
the  compression  causing  the  metals  to  melt ;  but  Spring  has 
shown  that  this  is  not  the  case,  since,  if  the  whole  of  the  work 
done  in  the  compression  were  converted  into  heat,  this  would 
still  be  insufficient  to  effect  the  fusion  of  the  mass. 

Eleetro-deposition. — Just  as  copper  can  be  deposited  from 
solutions  of  its  salts  by  electrolysis,  so  it  is  sometimes  possible 
to  deposit  two  metals  simultaneously  from  a  mixture  of  their 
salts,  so  that  they  unite  to  form  an  alloy.  Thus,  by  electro- 
lysing under  suitable  conditions  a  solution  containing  certain 
zinc  and  copper  salts,  brass  is  obtained. 

Sinmltaneoiis  reduction  of  metals. — By  this  method  brass  was 
made  long  before  the  metal  zinc  was  known  in  the  free  state, 
and,  more  recently,  "  calamine  brass  "  has  been  made  by  the 
reduction  of  calamine  in  the  presence  of  copper.  At  the  present 
time  this  method  is  used  in  the  production  of  alloys  by  the 
treatment  of  metallic  waste  and  slags ;  in  the  manufacture  of 
ferro-manganese  and  spiegeleisen  in  the  blast  furnace ;  in  that 
of  ferro-chrome,  ferro-aluminium,  etc.,  in  the  electric  furnace ; 
and  in  the  manufacture  of  certain  alloys  by  the  Goldschmidt 
or  "  thermit "  process. 

Preparation  of  Alloys  by  Fusion. — The  method  of  making 
alloys  by  fusion  varies  according  to  the  nature  of  the  metals  to  be 
alloyed.  If  none  of  the  constituent  metals  is  very  volatile, 
they  may  be  mixed  and  fused  together,  but  if  one  of  the 
constituents  be  a  volatile  metal,  such  as  zinc,  the  other  constit- 
uent or  constituents  are  melted,  raised  to  a  sufficiently  high 
temperature  to  cause  the  zinc  to  melt  and  mix  easily,  the  zinc 
is  then  added  and  the  Avhole  stirred.  The  metals  are  generally 
covered  with  a  layer  of  carbon  to  prevent  oxidation  during  the 
process. 

When  metals  are  melted  together  they  do  not  always  form 
a  homogeneous  product,  and  a  metallic  alloy  is  defined  as 
a  mixture  of  metals  which,  after  melting,  does  not  separate  into 
two  layers.  When  such  a  separation  does  occur,  each  layer 
becomes  a  distinct  alloy.  For  example,  when  lead  and  zinc 
are  melted  together  and  allowed  to  cool  slowly,  they  separate 
into  two  distinct  layers,  the  bottom  one  being  an  alloy  of 
lead  and  zinc,  containing  I'S  per  cent,  of  zinc,  and  the  top 
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one  an  alloy   of  zinc   and   lead   containing  1'57    per  cent,    of 
lead. 

43  The  following  seems  to  be  the  most  convenient  method  of 
classifying  alloys : — 

a.  Perfect  alloys,  which  are  absolutely  homogeneous  when  in 
the  solid  state,  e.g.,  the  gold-silver  alloys. 

h.  Intermediate  alloys,  which  are  not  absolutely  homogeneous, 
but  are  composed  of  the  separate  constituents  in  a  micro- 
scopic state  of  division  in  juxtaposition,  e.g.,  the  alloy  of  lead 
and  tin  of  lowest  itielting  point. 

c.  Imperfect  alloys,  which  are  by  no  means  homogeneous,  one 
or  more  of  the  constituents  having  crystallised  out  in  advance 
of  the  others,  producing  a  more  or  less  imperfect  but  regular 
admixture  in  the  cold  metal,  e.g.,  the  lead-antimony  alloy  con- 
taining 10%  of  antimony. 

Alloys  containing  only  two  metals  are  known  as  binary,  those 
containing  three  as  ternary,  &c. 


THE  STUDY  AND  EXAMINATION  OF  ALLOYS. 

44  The  most  important  modern  methods  of  research  on  this 
subject  may  be  summarised  as  follows : — 

1.  Chemical  methods.  Analysis  and  separation  of  the  con- 
stituents. 

2.  Thermal  methods.  Determinations  of  melting  points, 
and  critical  changes. 

3.  Microscopical  methods.  Examination  of  crystalline  and 
internal  structure. 

4.  Mechanical  methods.  Determination  of  elasticity, 
tenacity,  ductility,  &c. 

5.  Electrical  methods.  Determination  of  resistance  and 
E.M.F. 

6.  Magnetic  methods.  Examination  of  the  various  changes 
in  magnetic  properties  during  heating  and  cooling. 

Illustrations  will  be  given  of  only  two  of  these  methods, 
viz.,  the  Thermal  and  the  Microscopical. 

Examination  of  Alloys  hy  the  Thermal  Method.— The  melting 
point  of  an  alloy  is  usually  lower  than  those  of  the  metals  which 
compose  it.  This  is  well  seen  in  the  case  of  ordinary  plumbers' 
solder,  consisting  of  tin  and  lead,  which  melts  more  easily  than 
either   of  tlie   constituent   metals.     This  fact   was   known  so 
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long  ago  as  the  time  of  Pliny,  for  he  states  that  tin  cannot  be 
soldered  without  lead,  nor  lead  without  tin,  and  that  lead  tubes 
are  soldered  with  a  mixture  of  one  part  of  tin  and  two  parts  of 
lead;  a  mixture  which  is  used  at  the  present  day.  Homberg,  in 
1669,  recommmended  an  alloy  of  equal  parts  of  tin,  lead,  and 
bismuth  for  sealing  up  anatomical  preparations ;  and  in  1772  ^ 
Valentine  Rose  the  elder  discovered  the  well-known  fusible 
metal  which  bears  his  name.  This  consists  of  one  part  of  tin, 
one  part  of  lead,  and  two  parts  of  bismuth.  It  melts  at  94°,  the 
lowest  melting  point  among  the  constituents  being  that  of  tin, 
viz.,  232°.  Another  alloy,  consisting  of  eight  parts  of  lead, 
fifteen  of  bismuth,  four  of  tin,  and  three  of  cadmium,  softens  at 
a  temperature  of  60°  and  is  perfectly  liquid  at  65°,  the  melting 
points  of  its  constituents  being  tin  232°,  bismuth  270°,  cadmium 
321°,  and  lead  327°.2 

45  For  the  experimental  investigation  of  the  relation  between 
the  freezing  point  and  the  composition  of  the  alloy  formed  by 
two  or  more  metals,  a  pyrometer,  such  as  the  thermo-couple 
pyrometer  or  the  electric-resistance  pyrometer,  is  required. 
The  rate  of  cooling  of  a  quantity  of  the  alloy  is  then  determined 
and  plotted  in  a  curve,  any  breaks  in  which  indicate  points  of 
solidification  or  other  critical  changes.  A  complete  series  of 
alloys,  such  as  those  of  lead  and  tin,  is  generally  studied 
together  and  the  points  so  obtained  on  the  "  cooling-curves  "  are 
employed  for  the  construction  of  a  second  curve  which  shows 
the  variation  in  the  freezing  point  with  change  of  composition 
and  forms  the  freezing  point  curve  of  the  series. 

Thermcd  Classification  of  Binary  Alloys.^— From  the  general 
form  of  the  freezing  point  curves,  binary  alloys  may  be  divided 
into  groups  as  follows : — 

Grouj)  I.  The  curve  consists  of  two  branches,  starting  from 
the  melting  points  of  the  pure  metals  and  meeting  at  a  pomt 
corresponding  to  the  eutectic  alloy.  A  eutectic  alloy  is  that 
alloy  of  any  series,  or  range  of  series,  which  has  the  lowest 
melting  point,  and  corresponds  to  the  cryohydrate  formed  by 
cooling  a  solution  of  a  salt  in  water  (Vol.  I.,  p.  310).  In  some 
series  of  alloys  more  than  one  eutectic  is  found,  but  in  such  a 
case,  each  of  them  corresponds  to  a  different  set  of  constituents. 

'  Strahund  Mayazine,  1772,  2. 

2  Lipowitz,  Dingl.  Poly.  Journ.,  1860,  158,  376. 

3  Alloys,  H.  le  Chatelier,  MetallographUf ,  Vol.  I.,  1898,  p.  U.  bee  albo 
MetaUorjrwphy,  by  C.  H.  Desch  (Longuians  &  Co.,  1910). 
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The  melting  point  of  a  eutectic  mixture  is  lower  than  that  of 
either  constituent. 

This  type  of  curve  obtains  when  the  metals  form  neither 
definite  compounds  nor  isomorphous  mixtures,  and  is  illustrated 
in  Fig.  3.  This  represents  the  freezing  point  curve  of  the  lead- 
tin  series,  the  lines  AX  and  BX  corresponding  to  the  separation 
of  lead  and  tin  respectively,  and  X  being  the  point  of  solidifi- 
cation of  the  eutectic  alloy.  The  horizontal  line  CXD  repre- 
sents the  range  of  the  series  in  which  eutectic  mixtures  will 
be  found,  it  having  been  observed  that  very  dilute  solutions 
of  tin  in  lead  solidify  completely  before  the  eutectic  tempera- 
ture is  reached. 

As  long  as  the  amount  of  lead  present  is  above  31  per  cent., 
metallic  lead  separates  out  first  when  the  liquid  alloy  is  cooled ; 
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if  the  amount  of  lead  is  below  this,  metallic  tin  separates  out. 
The  alloy  containing  31  per  cent,  lead  and  69  per  cent,  tin  is  the 
eutectic  alloy,  and  solidifies  at  180°,  in  which  point  the  curves 
representing  the  separation  of  lead  and  tin  intersect.^ 

The  most  important  members  of  this  group  are  the  alloys 
of: — 

Pb  and  Sn ;     Zn  and  Sn ;     Pb  and  Sb ;     Bi  and  Sn ; 
Pb  and  Ag ;    Zn  and  Cd ;    Cu  and  Ag ;    Cu  and  Bi. 

Grmqj  2.  The  curve  consists  of  three  branches,  two  of  them 
starting  from  the  melting  points  of  the  pure  metals,  the  third 
exhibiting  a  maximum,  and  intersecting  the  others  in  two 
points  corresponding  to  two  eutectics.  This  obtains  when  the 
two  metals  form  a  definite  compound ;  in  such  cases  the  curve 
1  See  also  Rosouluiin  and  Tiioker,  Phil.  Trams.,  A,  1908,  209,  89, 
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may  be  divided  into  two  portions,  each  comparable  to  Group  1. 
In  Fig.  4,  which  illustrates  this  type  of  curve  for  the  series 
Cu  and  Sb,  AX  represents  the  separation  of  copper,  XB 
the  separation  of  the  compound  SbCu.,,  and  EXF  the  range 
of  the  corresponding  eutectic,  which  consists  of  a  mixture  of  Cu 
and  SbCug.  The  point  B  represents  the  melting  point  of  the 
alloy  containing  38-5  per  cent,  of  antimony,  which  is  a  white 
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compound  having  the  formula  SbCug.  Beyond  this  point  the 
curve  departs  from  the  simple  type,  and  between  B  and  Q  a 
mixture  of  SbCug  and  SbCug  separates  out,  C  representing  the 
melting  point  of  this  second  compound,  which  is  purple  in 
colour.  The  lines  CY  and  DY  correspond  to  the  separation 
of  the  compound  SbCug  and  metallic  antimony  respectively, 
Y  being  the  melting-point  of  the  second  eutectic,  which  consists 
of  a  mixture  of  antimony  and  SbCu2,  and  has  u  range  repre- 
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sented  by  the  horizontal  line  GYH.     To  this  group  belong  also 
the  alloys  of  Mg  and  Pb ;  Ni  and  Sn. 

Group  3.  The  curve  of  fusibility  is  continuous  and  unites  the 
melting  points  of  the  two  metals.  This  occurs  when  the  metals 
form  isomorphous  mixtures.  To  this  group  belong  the  alloys 
of  Bi  and  Sb ;  Ag  and  Au ;  Ni  and  Co ;  Cu  and  Ni ;  Au  and 
Cu. 


AgQG^ 

A 

1 

y 

\ 

Gr 

OUf 

4- 

A 

loj 

S 

— 

,  CO 

A 

g:-J 

3b 

Se 

ie 

o' 

,  o 

Y- 

a- 
CO 

t 

I'S 

\  ° 

\ 

^ 

650 

\  '^ 

\-. 

c 

600 

\P- 

^ 

^ 

\ 

oi3 

0^ 

y^ 

550 

b\ 

"^"^ 

(lO 

j:!^ 

2=^ 

~ 

s 

e- 

c,r.f 

.^ 

> 

~ 

500 

i 

h 

^ 

> 

s 

¥-/ 

%' 

... 

— 

E 

r 

But 

-Sb 

450 

,-uj 

-F 

400 

~ 

-^ 

u 

8C 

) 

8C 

3 

) 

3 
7C 

1 
) 

4 
6 

C 

3 
3 
OWf 

5C 
5C 

ion 

6< 
4C 

% 

J 

7C 
SC 

) 

) 

8 
2 

3 
3 

9 

1 

3 
3 

IOC 

o 

56 

Fig.  5. 

Group  4.  The  curve  consists  of  two  branches,  starting  from 
the  meltmg  pomts  of  the  metals  as  in  Group  1,  but  on  one 
branchthere  is  a  point  at  which  a  change  of  direction  occurs, 
mdicatmg  the  formation  of  a  definite  compound. 

Fig.  5  illustrates  this  type  of  curve  for  the  silver- 
antnnony  series.  The  line  AB  corresponds  to  the  separation 
ot  solid  solutions  of  the  compound  Ag^Sb  in  Ag,  and  the  point 
L  represents  the  formation  of  this  compound  ;  the  lines  BD 
and  CD  represent  the  separation  of  Ag3Sb  and  antimony 
respectively.     D  is  the  cutectic  point,  and  the  line  EDF  indicates 
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the  range  of  the  eutectic,  which  consists  in  this  case  of  a 
mixture  of  AggSb  and  antimony.  To  this  group  belong  also 
the  alloys  Sn  and  Ag ;  Al  and  Ag  ;  Sb  and  Sn. 

Grmqo  5.  Alloys  with  abnormal  curves  of  fusibility,  such  as 
those  of  Cu  and  Sn,  Cu  and  Zn,  Sb  and  Sn,  Zn  and  Ag, 
Aland  Au. 

46  The  Examination  of  Alloys  by  the  Microscope} — By 
examining  a  suitably  prepared  specimen  by  reflected  light 
evidence  may  be  obtained  on  the  following  points  : — 

Crystalline  state  of  the  metal  or  alloy. 

Constitution  of  the  alloy. 

Presence  of  foreign  bodies. 

Presence  of  flaws,  blow-holes,  or  cracks. 

Presence  of  eutectics. 

Preparation  of  Specimens. — In  order  to  carry  out  this 
examination  successfully,  much  care  is  necessary  in  the  prepar- 
ation of  the  specimen.  A  small  piece  is  cut  by  means  of  a 
hack-saw,  and  smoothed  with  files ;  after  this  the  specimen  is 
rough-polished  on  emery  cloth,  and  then  finished  on  a  series  of 
graded  emery  papers,  such  as  the  French  papers  marked  0,  00, 
000,  and  0000. 

When  the  specimen  is  free  from  scratches,  the  surface  is 
treated  by  some  agent  which  will  attack  the  separate  constitu- 
ents differently  as  a  preliminary  to  microscopic  examination. 
For  this  purpose  simple  attack  by  some  reagent,  such  as  nitric, 
sulphuric,  or  hydrochloric  acid,  iodine,  potassium  cyanide,  or 
ammonia  may  be  used.  By  this  means  one  constituent  may  be 
dissolved  more  quickly  than  another,  or  may  be  coloured  differ- 
ently, or  the  joints  between  adjacent  crystals  may  simply  be 
eaten  away.  Heat-tinting  is  another  method  used,  and  consists 
in  gently  heating  the  polished  surface,  whereby  the  more 
oxidisable  constituents  become  coloured  by  oxide  tints. 

The  evidence  obtained  in  this  way  as  to  the  structure  of 
the  alloy  is  of  great  value,  and  is  illustrated  by  the  following 
typical  examples; — 

Fig.  6  represents  the  appearance  (under  a  magnification  of 
100  diameters)  of  a  case-hardened  piece  of  steel  which  has 
been  quenched,  and  the  specimen  polished  and  then  etched 
with  picric  acid.  The  wide  black  mark  running  across  is  a 
crack  which  developed  during  quenching ;  above  this  is  seen 
1  See  also  AU01/.S,  by  E.  F.  Law  (0.  Griffin  &  Co.). 
VOT..  TT  CI 
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the  structure  of  saturated  steel,  containing  0-9  per  cent,  of 
carbon.  This  is  known  as  martensite,  and  if  slowly  cooled 
from  a  red  heat  would  have  formed  the  eutectoid  pearlite 
(p.  84).  Below  the  crack  is  seen  the  structure  of  super- 
saturated steel ;  the  black  lines  consist  of  carbide  of  iron, 
FejC,  contained  in  the  ground-mass  of  martensite. 


Fig.  6. 


Fig.  7. 


Fig.  7  is  a  photomicrograph  (magnification  100  diameters)  of 
a  Sn-Sb-Cu  alloy,  containing  Sn  83  per  cent.,  Sb  11  per  cent., 
Cu  6  per  cent.  The  large  white  cubes  are  crystals  of  the  com- 
pound SnSb,  the  smaller  crystals  consist  of  SbCug,  and  the 
dark  ground-mass  consists  of  tin  containing  a  small  quantity  of 
antimony  in  solution. 


The  Constitution  of  Metallic  Alloys. 

47  As  a  result  of  the  numerous  researches  carried  out  by 
the  methods  indicated  above,  it  is  concluded  that  the  possible 
coTistituents  of  solid  metallic  alloys  are  very  varied,  the  most 
important  being  the  following  i : — 

1.  Free  metals  in  the  pure  state. 

2.  A  solid  solution  of  one  metal  in  another. 

3.  A  solid  solution  of  a  definite  chemical  compound  in  an 
excess  of  metal. 

'  "Metallic  Alloys,  ".I.E.  Stead,  Cleveland  Institution  of  Engineers,  1900 
{M&talloijrapMsl,  1902,  5,  110). 
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4.  Eutectic  mixtures. 

5.  Definite  chemical  compounds  of  metals  with  metals. 

6.  Definite  chemical  compounds  of  metals  with  certain  non- 
metals. 

7.  Allotropic  modifications  of  metals. 

1.  Free  metals  in  the  pure  state. — These  are  metals  which 
separate  from  solution,  or  crystallise  in  the  pure  state.  They 
are  found  in  alloys  as  crystallites  (i.e.,  indefinitely  crystalline, 
or  incipient  forms  of  crystallisation  of  the  metals),  or  as  per- 
fectly formed  crystals,  which  are  produced  only  when  the  metal 
in  question  is  incapable  of  holding  in  solid  solution  one  of  the 
other  constituents  of  the  alloy.  An  example  of  this  is  afforded 
by  the  Pb-Ag  alloys  containing  about  1  per  cent,  of  silver. 

2.  Solid  solution  of  one  metal  in  another. — A  solid  solution 
is  defined  as  a  homogeneous  mixture  of  two  or  more  substances 
in  the  solid  state,  and  solid  solutions  of  one  metal  in  another, 
when  crystalline,  are  solid  isomorphous  mixtures  or  mixed 
crystals. 

Many  metals  which  mix  with  each  other  in  the  liquid  state  do 
not  remain  in  solution  when  solidification  occurs  ;  the  solids 
thus  formed  are  called  solidified  or  congealed  solutions.  It  is 
very  important  to  distinguish  between  these  and  the  true 
solid  solutions. 

Solid  solutions  crystallise  in  a  form  identical  with,  or  very 
closely  approximating  to,  that  of  the  constituent  which  predom- 
inates. Examples  of  this  are  found  in  the  Au-Ag  and  Ni-Co 
series. 

3.  Solid  solution  of  a  definite  chemical  covipound  in  an  excess 
of  metal. — In  many  alloys  definite  chemical  compounds  are 
formed,  and  in  some  cases  these  compounds  are  dissolved  in 
the  metal  M'hich  is  in  excess,  forming  a  solid  solution.  Examples 
of  this  are  found  in  the  Cu-Sn,  and  Au-Al  series. 

In  the  same  manner,  some  non-metallic  elements  combine 
with  a  portion  of  one  of  the  metals,  forming  a  compound  which 
is  dissolved,  under  suitable  conditions,  in  the  excess  of  metal. 
Examples  are  afforded  by  the  behaviour  of  carbon  and 
phosphorus  in  iron. 

4.  Eutectic  mixtures. — The  composition  of  eutectic  mixtures 
is  constant,  and,  within  certain  limits,  independent  of  the 
original  proportions  of  the  constituent  metals ;  the  composition 
is  not  generally  in  simple  atomic  proportions,  although  it 
sometimes  approximates  very  closely  to  these.     This  is  the  case 
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with  the  well-known  Level's  alloy  of  the  composition  Cu  281 
to  Ag  71'9,  a  relation  which  practically  corresponds  with  the 
formula  CujAgg :  and  this  accounts  for  the  fact  that  this  alloy 
has  been  mistaken  for  a  definite  chemical  compound. 

A  eutectic  consists  of  a  conglomerate  of  distinct  particles  of 
the  components,  mechanically  mixed.  These  components  may 
be  two  or  more  metals  which  do  not  chemically  unite,  one 
metal  and  a  definite  chemical  compound,  two  or  more 
chemical  compounds,  one  free  metal  and  a  solid  solution,  one 
compound  and  a  solid  solution,  or  two  solid  solutions. 

The  pearlite  formed  in  solid  steel,  when  it  cools  slowly  from 
above  700°  C.  to  600°  C,  is  a  solid  solution  of  carbon  in  iron 
above  700°,  but  splits  up  into  two  constituents  on  cooling,  and 
is  known  as  a  eutedoid,  to  distinguish  it  from  an  ordinary 
eutectic. 

5.  Definite  chemical  compomids  of  metals  with  metals. — 
Many  metals  unite  chemically  in  atomic  proportions  forming 
compounds  which  are  quite  homogeneous,  and  are  recognised 
by  having  certain  characteristics  different  from  those  of  the 
component  metals,  the  colour,  hardness,  crystalline  form,  &c., 
being  often  quite  distinct.  Sometimes,  on  bringing  the  metals 
together  in  the  molten  form,  great  heat  is  evolved,  an  almost 
certain  sign  of  chemical  action.  Thus  aluminium  and  copper 
combine  to  form  a  golden  yellow  compound,  CugAl,  harder, 
stronger,  and  tougher  than  either  metal,  and  also  than  the 
compounds  CuAlg  and  CuAl. 

6.  Definite  chemical  compounds  of  metals  with  non-metals. — 
In  many  cases  metals  combine  with  non-metals  to  form 
definite  chemical  compounds,  which  are  of  considerable  im- 
portance in  commercial  alloys.  Undoubtedly  the  most  important 
of  these  compounds  is  the  carbide  of  iron,  FogC,  the  amount  and 
condition  of  which  determine  most  of  the  valuable  properties 
of  steel. 

Iron  combines  also  with  phosphorus  to  form  phosphides;  zinc 
with  arsenic  and  phosphorus  to  form  white  compounds;  and 
copper  with  phosphorus  to  form  a  pale  yellow  compound. 

7.  Allotropic  modifications  of  metals.— The  addition  of  very 
small  quantities  of  another  element  frequently  brings  about 
a  great  change  in  the  properties  of  a  metal,  although  the 
quantity  of  the  former  added  is  too  small  to  allow  of  the 
supposition  that  a  true  compound  is  formed.  Thus,  for 
example,   the   conductivity  of  copper  is  very  greatly  affected 
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by  the  presence  of  extremely  small  percentages  of  foreign 
metals  such  as  tin,  and  the  hardness  and  tenacity  of  metals 
are  also  greatly  altered  by  small  quantities  of  other  elements. 
Matthiessen  was,  therefore,  led  to  the  conclusion  that  when 
a  metal  is  alloyed  with  small  quantities  of  another,  the 
former  frequently  undergoes  a  molecular  change,  and  is  con- 
verted into  an  allotropic  modification  showing  very  different 
properties. 

It  is  by  no  means  easy  to  determine  whether  an  allotropic 
change  has  taken  place,  and  there  is  still  much  to  be  learned 
about  the  effect  of  dissolving  one  metal  in  another,  and  about 
the  grouping  of  atoms  in  solid  solutions. 

The  following  facts  appear  to  point  to  the  probability  of 
metals  occurring  as  allotropic  modifications  in  alloys. 

(a)  If  a  small  piece  of  potassium -gold  alloy,  containing  10  per 
cent,  of  gold,  is  thrown  upon  water,  the  potassium  decomposes 
the  water,  and  the  gold  is  liberated  as  a  black  powder ;  this  is 
an  allotropic  modification  of  gold ;  it  is  capable  of  combining 
with  water,  and,  when  heated  to  dull  redness,  immediately 
assumes  the  ordinary  golden  colour. 

(6)  The  alloy  of  iron  and  nickel  containing  25  per  cent,  of 
nickel,  when  heated  to  500°  C.  and  then  cooled  either  rapidly  or 
slowly,  has  no  magnetic  properties,  but  if  cooled  in  solid  carbon 
dioxide  it  is  attracted  by  a  magnet.  This  magnetic  change 
is  accompanied  by  an  increase  in  hardness,  a  decrease  in  elec- 
trical resistance,  and  a  decrease  in  density,  indicating  that  an 
allotropic  change  maj"^  have  taken  place. 

48  Segregation  or  Liquation  in  Alloys. — During  the  solidification 
of  alloys,  perfect  diffusion  does  not  take  place,  and  heterogeneous 
solid  masses  are  therefore  formed.  Thus  carbon  segregates  in  a 
steel  ingot,  and  the  upper  part  of  the  axis  of  the  ingot  contains 
more  carbon  than  the  other  portions.  This  is  due  mainly  to  the 
following  causes :  (1)  the  bottom  of  the  ingot  in  contact  with 
the  cold  mould  is  cooled  more  quickly  than  the  top :  (2) 
during  cooling,  the  hotter  portions  rise  and  the  colder  portions 
sink :  (3)  the  portion  containing  the  most  carbon  is  the  last 
to  solidify. 

Another  cause  of  segregation  in  alloys  is  the  difference  in  the 
specific  gravities  of  the  different  constituents ;  for  example,  m 
an  alloy  of  tin  and  antimony,  the  compound  SnSb,  which 
crystallises  in  cubes,  has  a  lower  specific  gravity  than  the  bulk 
of  the  alloy,  and  when  this  is  allowed  to  cool  slowly,  the  top  of 
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the  ingot  is  found  to  be  full  of  these  cubes,  and  the  bottom 
comparatively  free  from  them.  Rapid  cooling  through  the 
freezing  range  and  slow  cooling  afterwards  tend  to  lessen  the 
amount  of  segregation. 

Diffusion  of  metals. — Roberts-Austen  has  shown  that  metals 
diffuse  into  other  metals  just  in  the  same  manner  as  a  salt  in 
water.  Thus  a  ball  of  gold  immersed  in  a  bath  of  molten  lead 
at  550°  diffused  into  the  latter  at  a  rate  more  than  three  times 
as  great  as  that  of  sodium  chloride  into  water  at  18° ;  similar 
results  have  been  obtained  with  gold  in  molten  bismuth  and  tin, 
silver  in  lead  and  tin,  &c.  Moreover,  diffusion  takes  place  even 
between  solid  metals,  metallic  gold  contained  in  a  cylinder  of 
solid  lead  slowlj^  diffusing  into  the  latter  even  at  the  ordinary 
temperature,^  the  rate  of  diffusion  increasing  with  the  temper- 
ature.^ 

Physical  Properties  of  Alloys. 

49  Certain  of  the  physical  properties  of  the  metal  are  always 
preserved  in  the  alloy.  Thus,  the  specific  heat  and  the  co- 
efficient of  expansion  of  the  alloy  approximate  to  the  mean  of 
those  of  its  component  metals,  except  in  the  case  of  an  alloy 
which  undergoes  molecular  changes  during  cooling.  In  the 
case  of  other  properties  such  as  hardness,  elasticity,  tensile 
strength,  &c,,  a  variation  takes  place.  Thus  wires  of  either 
silver,  copper,  tin,  or  zinc  in  the  pure  state  are  lengthened 
by  loads  which  would  have  scarcely  any  effect  on  similar 
wires  of  their  alloys,  such  as  gun-metal  and  brass.  Again, 
whilst  the  specific  gravity  of  certain  of  the  alloys  is  the  mean 
of  that  of  their  constituent  metals,  that  of  others  is  always 
either  greater  or  less  than  the  mean  specific  gravity  of  the 
constituents.  All  alloys,  with  the  exception  of  amalgams,  and 
the  alloy  formed  by  adding  one  part  of  potassium  to  three  of 
sodium,  are  solid  at  the  ordinary  temperature. 

Conductivity  of  alloys.—The  electrical  conductivity  of  alloys 
varies  with  their  composition,  and  a  distinct  relationship  exists 
between  the  freezing  point  curves  of  the  alloys  and  their 
conductivity.  For  example,  when  a  series  of  alloys  is  e^Uecii- 
ferous  throughout  that  is,  when  the  eutectic  range  extends 
from  one  end  of  the  series  to  the  other  (see  line  CXD,  Fig.  3, 
p.  78)  the  conductivity  is  the  mean  of   that  of   the  consti- 

1  Proc.  Roy.  ^oc,  190U,  67,  101.  ■'  Nature,  1896,  54,  55. 


PHYSICAL  PROPERTIES   OP   ALLOYS  87 


tuents,  as  in  the  Sn-Za  and  Sn-Pb  series.  In  nearly  all 
other  cases  the  conductivity  is  less  than  the  mean,  and  when 
the  results  are  plotted  in  curves  different  types  are  found  to 
exist,  each  type  corresponding  to  a  different  group  of  alloys 
having  similar  freezing  point  curves. 

The  conductivity  of  the  alloys,  like  that  of  the  pure  metals, 
decreases  with  rise  of  temperature,  and  vice  versa.  The  increase 
at  low  temperatures  is,  however,  not  so  great  as  with  the 
metals. 

The  solubility  of  alloys  in  acids  differs  frequently  from  that 
of  the  metals  forming  them.  If  an  alloy  of  platinum  and  silver 
is  boiled  with  nitric  acid,  it  is  completely  dissolved,  whereas 
platinum  when  unalloyed  is  quite  insoluble  in  this  acid.  On 
the  other  hand,  silver  by  itself  readily  dissolves  in  nitric  acid, 
but  it  does  not  do  so  when  it  is  alloyed  with  much  gold,  the 
whole  of  the  silver  being  soluble  only  when  its  quantity  is  at 
least  double  that  of  the  gold.  It  was  formerly  believed  that  in 
order  to  separate  the  whole  of  the  silver  not  more  than  one 
quarter  of  the  alloy  must  consist  of  gold,  whence  the  term 
quartation,  which  is  still  used  for  the  separation  of  these  metals. 

Many  alloys  are  largely  employed  in  the  arts  and  manu- 
factures, as  they  possess  properties  which  are  wanting  in  the 
single  metals.  Thus,  pure  gold  and  silver  are  too  soft  to 
be  minted,  but  the  addition  of  a  small  proportion  of  copper 
gives  them  the  necessary  hardness.  Pure  copper  is  so  soft  and 
tenacious  that  it  is  not  suitable  for  use  in  the  lathe.  The 
addition  of  half  its  weight  of  zinc  produces  the  alloy  brass, 
which  is  hard,  and  yet  is  sufficiently  tough  to  be  readily 
turned.  Gun-metal  is  a  very  tenacious  and  hard  alloy,  con- 
taining nine  parts  of  copper  to  one  part  of  tin.  A  still  harder 
alloy  is  bell-metal,  consisting  of  two  parts  of  tin  to  eight  parts 
of  copper.  The  more  tin  such  an  alloy  contains,  the  lighter 
is  its  colour.  Speculum  metal,  containing  one  part  of  tin  to  two 
parts  of  copper,  possesses  a  white  colour,  is  capable  of  receiving 
a  very  high  polish,  and  is,  therefore,  used  for  the  specula  of 
telescopes.  Type-metal  contains  various  proportions  of  lead 
and  antimony,  generally  strengthened  by  the  addition  of  tin. 
A  very  good  metal  is  composed  of  two  parts  of  lead,  one  part 
of  antimony,  and  one  part  of  tin.  This  alloy  is  hard,  easily 
fusible,  not  brittle,  and  it  expands  at  the  moment  of  solidifica- 
tion— properties  which  make  it  most  suitable  for  high-class 
work. 
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Amalgams. 

50  Amalgams  aiv  compounds  or  mixtures  of  metals  with  mer- 
cury and,  although  really  belonging  to  the  class  of  alloys,  'are 
usually  distinguished  by  this  term.  The  name  is  first  found 
in  the  writings  of  Thomas  Aquinas  ;  and  Libavius  explains  the 
meaning  of  the  word  as  follows :—"  Amalgama  corruptum  voca- 
bulum  esse  ex  Graeco  /j^aXay/ia  non  dubitaut."  It  is  perhaps 
more  probable  that  the  word  is  derived  from,  or  through,  the 
Arabic,  as  the  form  nlgamala  also  occurs  in  the  writings  of  the 
alchemists. 

The  ancients  were  acquainted  with  the  fact  that  mercury  can 
combine  with  the  metals,  and  they  employed  this  property 
for  the  extraction  of  gold  from  its  ores ;  Vitruvius  even  gives  a 
method  for  extracting  by  means  of  mercury  the  gold  from  vest- 
ments which  have  been  embroidered  with  gold  thread.  The 
Latin  Geber  speaks  more  distinctly  respecting  the  compounds 
of  the  metals  with  mercury,  for  we  find  in  his  work,  Summa 
perfedionis  magisterii,  the  following  words,  "  Mercurius  adhaeret 
tribus  mineralibus  de  facili,  Saturno  (lead)  scilicet,  Jovi  (tin)  et 
Soli  (gold).  Lunse  (silver)  autem  magis  difficulter.  Veneri 
(copper)  difficilius  quam  Lunse.  Marti  (iron)  autem  nullo 
mode,  nisi  psr  artificium.  Est  enim  amicabilis  et  metallis 
placabiiis.  Solvuntur  Jupiter  et  Saturnus,  Luna  et  Venus  ab 
eo."  Thus  it  is  clear  that  Geber  knew  that,  with  the  exception 
of  iron,  mercury  combines  directly  with  all  the  metals.  The 
problem  of  the  preparation  of  iron  amalgam  was  one  to  which 
the  alchemists  paid  great  attention,  as,  according  to  Geber,  it 
was  no  easy  matter.  Libavius  gives  the  first  hints  towards  the 
solution  of  this  problem,  as  he  says  that  the  common  metals 
require  to  be  purified  by  corrosive  action  before  they  can  be 
made  to  unite  with  mercury. 

Amalgams  are  usually  obtained  by  the  direct  union  of  the 
metal  with  mercury.  In  this  case  a  fall  of  temperature  is 
not  unfrequently  noticed,  as  when  tin  is  dissolved  in  mercury. 
Sometimes,  on  the  other  hand,  heat  is  evolved,  as  when  the 
alkah  metals  are  amalgamated.  Amalgams  are  produced  also 
by  the  addition  of  mercury  to  a  solution  of  a  metallic  salt ;  thus, 
if  mercury  be  added  to  a  solution  of  silver  nitrate,  the  amalgam 
separates  out  in  splendid  crystals— the  Arhor  Diance  of  the 
ancients.  Another  mode  of  obtaining  an  amalgam  is  to  place 
the  metal  in  a  solution  of  mercuric  nitrate,  or  together  with 
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mercury  and  a  dilute  acid ;  and  lastly,  amalgams  are  formed  by 
the  action  of  a  weak  electric  current  upon  a  solution  of  a  salt 
into  which  a  globule  of  mercury  has  been  poured,  the  negative 
pole  dipping  into  the  globule. 

The  amalgams  correspond  in  their  chemical  relationships  to 
alloys,  consisting  generally  of  a  mixture  of  one  or  more  amal- 
gams of  definite  composition  with  an  excess  of  mercury.  The 
amalgams  containing  a  large  quantity  of  mercury  are  often 
liquid,  while  those  which  contain  less  are  frequently  found  to 
crystallise.  On  squeezing  the  excess  of  mercury  through  chamois 
leather,  there  is  obtained  from  liquid  silver  amalgam  a  residue 
of  fairly  uniform  composition  containing  about  80  per  cent,  of 
silver.  On  similarly  treating  a  liquid  gold  amalgam,  a  residue 
is  obtained  which  contains  33  per  cent,  of  gold.  When  heated 
above  the  boiling  point  of  mercury,  a  number  of  the  amalgams 
retain  a  certain  proportion  of  mercury.  Thus  silver  amalgam, 
when  heated  to  4-50°,  leaves  a  residue  which  still  contains  12  per 
cent,  of  mercury ;  and  a  gold  amalgam  treated  in  the  same  way 
leaves  a  residue  containing  10  per  cent,  of  mercury.^  Similar 
results  are  obtained  with  copper,  sodium,  and  potassium,  but 
the  metals  lead,  tin,  cadmium,  and  bismuth  do  not  retain 
mercury  at  a  temperature  of  450°. 

On  examining  the  various  series  of  amalgams  by  the  method 
of  thermal  analysis,  the  existence  of  many  definite  compounds 
has  been  established ;  thus,  in  the  sodium  amalgams,^  the  follow- 
ing compounds  are  known : 

Hg^Na,  HggNa,  HgNa,  HggNag,  HggNaj,  and  HgNag. 

In  a  similar  manner  with  potassium,^  HgK,  Hg^K  and  HggK ; 
and  with  silver,  AggHg^. 

Regarded  as  compounds,  such  amalgams  are  very  unstable,  for 
Joule  *  has  shown  that  they  can  be  decomposed  by  subjecting 
them  to  a  very  high  pressure.^ 

Many  amalgams  are  used  in  the  arts.  Tin  amalgam  is  em- 
ployed in  the  silvering  of  mirrors,  gold  and  silver  amalgams  in 
the  processes  of  gilding  and  silvering  in  the  dry  way ;  zinc  and  tin 
amalgams  for  coating  the  rubbers  of  electrical  machines,  copper 

1  De  Souza,  Ber.,  1875,  8,  1616  ;  1876,  9,  1050. 
"  Schiiller,  Zdt.  anorg.  Chem.,  1904,  40,  385. 
3  .Tanecke,  Zeit.  physikal.  Chem.,  1907,  53,  245. 
■•  Mem.  Mnnrh.  Phil.  Soc,  1865  (3),  2,  115. 
^  See  also  Diulley,  Proc.  Amer.  Aukoc,  1890,  145. 
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and  palladium  amalgam,  and  an  amalgam  of  varying  proportions 
of  silver,  copper,  and  tin,  sometimes  with  gold  and  platinum,  for 
stopping  teeth. 


CONSTITUTION  OF  SALTS,  ACIDS,  AND  BASES. 

51  The  word  salt  even  at  the  present  day  is  commonly 
applied  to  sea-salt  or  sodium  chloride,  and  there  can  be  little 
doubt  that  originally  the  term  was  given  to  the  same  substance, 
the  Greek  form  of  the  word  (aX,?)  in  the  feminine  being  used 
for  the  sea  itself,  whereas  in  the  masculine  it  denoted  the 
solid  residue  left  when  sea-water  is  evaporated.  The  growth  of 
the  application  of  the  word  salt  from  a  special  to  a  generic  term 
appears  to  have  had  its  origin  in  the  fact  that  just  as  common 
salt  is  obtained  by  the  evaporation  of  sea- water,  so  other  kinds 
of  salt  can  be  obtained  by  the  evaporation  of  other  liquids. 
When,  for  instance,  wood-ashes  are  boiled  with  water,  the  clear 
solution  yields  on  evaporation  a  white  soluble  residue  to  which 
the  name  of  salt  was  applied.  This  extension  of  the  term,  as 
Kopp  remarks,  was,  however,  not  accompanied  by  any  know- 
ledge of  the  chemical  differences  between  these  various  soluble 
substances.  Even  up  to  the  end  of  the  eighteenth  century  this 
wide  application  of  the  word  salt  may  be  said  to  have  been 
-prevalent. 

Amongst  the  alchemistic  writings  of  the  earliest  times  the 
words  salpetrae,  salnitri,  salmarinum,  salarmoniacum,  salveget- 
abile  and  the  like,  occur;  these  bodies  are  all  soluble  in  water, 
and  may  be  obtained  again  from  solution  by  evaporation.  The 
ideas  connected  with  these  salts  were  vague  and  indefinite.  But 
a  new  meaning  was  afterwards  given  to  the  word  salt,  the 
term  being  applied  to  the  solid  bodies  obtained  by  the 
combustion  or  ignition  of  substances.  This  view  was  upheld 
by  Paracelsus,  and  was  generally,  though  not  universally, 
adopted  by  chemists.  Thus  we  find  in  the  seventeenth 
century  that  salt  was  considered  to  be  one  of  the  hypothetical 
essential  constituents  of  all  bodies,  every  substance  being 
made  up  of  salt,  sulphur,  and  mercury  (see  Historical  Intro- 
duction, Vol.  I,  p.  7).  The  view  that  salt  is  an  essential 
constituent  of  all  bodies  was  strongly  opposed  by  Boyle,  who 
paid  much  attention  to  the  investigation  of  salts,  and  to  whom 
we  owe  much  of  our  knowledge  of  the  special  nature  of  the 
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different,  salts.  He  did  not,  however,  define  exactly  to  what  class 
of  bodies  the  term  salt  ought  to  be  applied.  This  was  specially 
accomplished  by  Boerhaave,  who,  in  his  Elementa  Ghemiw,  pub- 
lished in  1732,  describes  the  special  characteristics  of  salts  to  be 
their  solubility,  fusibility,  volatility,  and  taste,  alkalis  and  acids 
being,  according  to  this  definition,  also  considered  as  salts. 
These  were  divided  into  salia  alcalina,  salia  acida,  salia  salsa,  salia 
media,  salia  neutra,  and  salia  composita.  Under  the  last  named 
was  understood  a  class  of  salts  obtained  by  the  union  of  an  acid 
with  an  alkali  or  metallic  calx.  The  chief  characteristics  of  the 
salts  still  remained  their  solubility  and  peculiar  taste.  It  was 
soon  seen  that  such  a  definition  led  to  contradictions,  for  baryta, 
nitric  acid,  and  sulphuric  acid  would  thus  be  salts  as  well  as 
nitrate  of  barium,  whilst  sulphate  of  barium,  which  is  insoluble, 
and,  therefore,  possesses  no  taste,  would  not  be  a  salt.  Hence 
the  necessity  became  obvious  of  separating  alkalis  and  acids 
from  the  true  salts,  or  salia  media  as  they  were  called,  and  the 
word  salt  was  then  taken  to  mean  such  substances  as  are 
obtained  when  an  acid  and  a  base  are  brought  together,  or  when 
an  alkali  or  metallic  calx  is  neutralised  by  an  acid. 

52  Although  acids  and  alkalis  were  included  among  the 
salts,  chemists  had  long  recognised  that  these  substances  were 
characterised  by  special  properties.  The  only  acid  known  to 
the  ancients  was  vinegar  or  acetic  acid.  Hence  the  name 
of  this  substance  and  the  notion  of  acidity  were  represented 
by  closely-related  words  {6^0^,  acetum,  vinegar;  o^u?,  acidus, 
acid).  The  effervescence  produced  when  vinegar  is  added  to 
the  carbonate  of  an  alkali  was  observed  in  early  times :  thus 
we  read  in  Proverbs  xxv.  20,  "As  he  that  taketh  away  a 
garment  in  cold  weather,  and  as  vinegar  upon  nitre,  so  is  he 
that  singeth  songs  to  a  heavy  heart."  Nitre  in  this  case 
stands  for  natron  or  native  carbonate  of  soda.  It  was  also  well 
known  that  vinegar  acted  as  a  solvent  upon  many  substances, 
as  in  the  celebrated  story  of  Cleopatra  dissolving  pearls.  The 
Arabians  were  acquainted  with  many  other  acids.  The  Latin 
Geber  termed  nitric  acid  aqua  dissolitiva,  and  he  gave  the  same 
name  to  the  liquid  obtained  by  strongly  heating  alum  in  a 
retort,  which  was  probably  dilute  sulphuric  acid.  This  shows 
that  the  special  characteristic  of  an  acid,  according  to  the  older 
alchemists,  was  its  power  of  dissolving  substances  which  are 
insoluble  in  water. 

Other   properties  common  to  the  whole  class  of  acids  were 
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not   observed  until   a  much   later  date.     In   1668  Tachenius 
noticed  that  all  acids  are  capable  of  combining  with  alkalis,  and 
he   therefore   considered  silica  to  be  an  acid.     Boyle  ^  points 
out  that  the  substances    known    as    acids  have  the  following 
properties.     They   are   bodies    which    (1)  act    as  solvents,  but 
act    with     varying    power     on     different    bodies ;     (2)     pre- 
cipitate  sulphur  and   other  bodies    from   their    solutions    in 
alkalis;     (3)    turn     blue     vegetable    colouring     matter     red, 
whilst    alkalis    bring   the   blue   colour  back   again ;    (4)    can 
combine   with   alkalis,  when   the   characteristic   properties   of 
each    body    disappear    and    a    neutral    salt   is  formed.     The 
properties  just  enumerated  were  henceforward  regarded  as  the 
special  characteristics  of  acids,  and  accordingly  F.  Hofmann,  in 
1723,  asserted  that  the  spiritus  mineralis,  which  exists  in-  many 
mineral  springs,  and  which  we  term  carbonic  acid,  belongs  to 
the  class   of  acids   since   it   turns   blue   litmus   solution   red. 
Thirty   years    later    Black    strengthened    this    conclusion    by 
showing  that  this  same  substance  possesses  the  power  of  destroy- 
ing the  caustic  nature  of  the  alkalis,  giving  rise  to  a  distinct  class 
of  salts. 

53  Such  alkaline  substances  as  lime,  the  potashes  obtained  by 

the  combustion  of  plants  or  by  heating  cream  of  tartar,  and 

natron,  or  native  carbonate  of  soda,  were  well  known  to  the 

Greeks,  Hebrews,  and  Romans,  whilst  the  spirit  of  urine  became 

known  to  the   alchemists   of  the   thirteenth   century.     These 

substances,  however,  were  not  generally  looked  upon  as  possessing 

the  common  property  of  alkalinity  until  the  time  of  the  iatro- 

chemists,  who  ascribed   the  various  diseases  of  the  body  to 

changes  in  the  relative  proportions  of  acid  and  alkali  in  the 

various   organs  and  fluids,  and  indeed    sought  to  explain  all 

chemical  phenomena  as  action  between  acids  and  alkalis.    Some 

of  the  special  characteristics  of  alkalis  which  were  recognised 

about  this  time  have  already  been  mentioned  in  discussing  the 

properties  of  the  acids,  and  to  these  was  added  the  power  of 

effervescing  with   acids.     The   caustic   alkalis   which   did   not 

effervesce  with  acids  were  supposed  to  be  more  complex  than 

the    mild    alkalis.     Thus   lime   was   supposed   to   acquire   its 

caustic  properties  by  taking  up  igneous  particles  from  the  fire 

m  which    the   limestone  was   burned ;   when  it  was  added  to 

a   mild   alkali,   these   particles    passed    into    the    latter    and 

1  Reflection,  upon    the    Hypothesis    of  Alrali  and  Acidnm,   4,    284,    and 
elsewhere.  ' 
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rendered  it  caustic.  This  belief  endured  until  Black  in  1755 
discovered  the  true  nature  of  the  phenomenon.  The  alkalis 
known  at  about  the  middle  of  the  eighteenth  century  were 
the  volatile  alkali,  and  the  two  fixed  alkalis,  distinguished  as 
the  mineral  alkali  (soda),  and  the  vegetable  alkali  (potash). 

54  In  the  new  system  of  chemistry  founded  by  Lavoisier 
after  the  overthrow  of  the  phlogistic  theory  {see  Vol.  I.,  pp. 
25-32),  the  three  classes  of  substances,  acids,  bases,  and  salts 
were  for  the  first  time  clearly  separated.  The  acids,  dis- 
tinguished by  the  properties  already  discussed,  comprised  the 
compounds  of  certain  elements  (the  acidifiable  bases)  with 
oxygen,  whilst  the  alkalis,  earths,  and  metallic  oxides  possessed 
the  common  property  of  being  able  to  combine  with  acids  to 
form  the  third  class  of  substances,  the  salts,  in  which  the 
properties  of  alkalinity  and  acidity  were  alike  wanting.  The 
discovery  of  the  compound  nature  of  the  alkalis  by  Davy  (1807) 
justified  Lavoisier's  classification,  inasmuch  as  these  substances 
were  thereby  proved  to  be  metallic  oxides. 

The  view  that  all  acids  contain  oxygen — a  view  to  which  this 
element  owes  its  name — was  soon  adopted  generally.  On  the 
other  hand,  it  was  pointed  out  by  BerthoUet  that  prussic 
acid  and  sulphuretted  hydrogen,  which  do  not  contain  oxygen, 
acted  in  many  respects  as  acid  bodies.  Lavoisier's  views,  how- 
ever, carried  the  day,  it  being  assumed  that  the  substances  just 
mentioned  really  contained  oxygen.  The  next  step  in  the 
progress  of  our  knowledge  on  this  subject  was  Davy's  in- 
vestigations on  chlorine  and  hydrochloric  acid  (1808-1810), 
which  proved  the  existence  of  a  powerful  acid  not  containing 
oxygen.  Gay-Lussac's  discovery  of  hydriodic  acid,  and  the 
proof  that  prussic  acid  likewise  contains  no  oxygen  (1815),  soon 
supplied  farther  evidence  of  the  same  kind.  Acids  were  hence- 
forth divided  into  two  classes,  the  oxyacids  and  the  hydracids, 
whilst  the  salts  derived  from  them  were  known  as  amphid  salts 
(a/i^t,  both,  since  the  acid  radical  and  the  base  both  contained 
oxygen),  and  haloid  salts  (aX?,  sea-salt,  etSo?,  like)  respectively. 
The  sulphides  and  selenides  were  afterwards  included  among 
the  amphid  salts  because  of  the  analogy  of  sulphur  and  selenium 
with  oxygen.  These  elements  were  for  this  reason  termed 
amphids,  whilst  the  elements  of  the  chlorine  group,  which 
combine  directly  with  metals  to  form  haloid  salts,  were  termed 
haloids.  The  oxyacids  were  the  substances  which  we  now  turm 
the  acid-forming  oxides,  whilst  those  bodies  which  we  now  term 
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the  oxygenated   acids  wore    considered  to  be  the  hydrates  of 
these  oxyacids. 

The  dualistic  view  that  salts  are  formed  either  by  the 
union  of  an  acid  with  a  metallic  oxide,  sulphide,  or  selenide, 
or  by  the  direct  union  of  a  metal  with  a  haloid  element, 
received  its  most  complete  expression  in  the  electrochemical 
theory  of  Berzelius. 

The  fundamental  principle  of  this  system  was  laid  down  by 
its  author  in  the  statement  that  "  in  every  chemical  combina- 
tion there  is  a  neutralisation  of  opposite  electricities,  and  that 
this  neutralisation  produces  heat  in  the  same  manner  as  it 
is  produced  by  the  discharge  of  a  Leyden  jar,  without  being  in 
this  latter  case  accompanied  by  an  act  of  chemical  combination." 
The  application  of  this  principle  led  to  the  view  that  "  every 
compound  substance,  whatever  the  number  of  its  constituent 
principles,  may  be  divided  into  two  parts,  one  of  which  is 
electrically  positive  towards  the  other.  For  example,  sulphate 
of  soda  is  not  compounded  of  sodium,  oxygen,  and  sulphur, 
but  of  sulphuric  acid  and  soda,  each  of  which  can  again  be 
divided  into  two  elements,  one  positive,  the  other  negative. 
In  the  same  way  alum  cannot  be  regarded  as  directly  com- 
pounded of  its  simple  principles ;  it  must  rather  be  considered 
as  the  product  of  the  reaction  of  sulphate  of  alumina,  the 
negative  element,  on  sulphate  of  potash,  the  positive  element."  ^ 
In  accordance  with  this  theory  Berzelius  wrote  the  formula  for 
sodium  sulphate  NaO  +  SOg,  or  in  his  contracted  formula  NaS. 

The  amphid  salts  were  thus  looked  upon  as  compounds  of  the 
second  order,  formed  by  the  union  of  two  oxides,  each  of  which 
was  a  compound  of  the  first  order,  formed  from  its  elements. 
The  haloid  salts,  on  the  other  hand,  such  as  KCl,  were 
compounds  of  the  first  order. 

55  At  this  time  no  distinction  was  made  between  what  are 
now  known  as  mono-,  di-,  and  tri-basic  acids.  Thus  nitrate  of 
potash  was  supposed  to  be  formed  in  a  precisely  similar  manner 
to  the  sulphate,  and  the  formula  of  these  two  salts  were 
accordingly  written  by  Berzelius,  KO.N^O^,  and  KO.SO3,  the 
atomic  weight  which  was  then  adopted  for  potassium  being 
twice  that  now  in  use.  When  two  salts  of  the  same  acid  and 
base  were  known,  such  as  the  sulphate  and  bisulphate  of  potash, 
It  was  supposed  that  the  second  salt  was  formed  by  the 
combination    of  the   first   with   the   second    molecule   of    the 

'  lieizulius,  Trail(:  d<:  Ghimie. 
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acid;  the  formula  of  the  second  salt  was  therefore  written 
KO.SO3  +  H2O.SO3,  or  KO.2SO3,  the  water  being  sometimes 
omitted. 

The  researches  on  the  phosphates  carried  out  by  Graham  in 
1833  showed  that  this  theory  must  be  modified,  since,  if 
trisodium  phosphate  contained  only  one  atom  of  base,  the 
formula  of  phosphoric  acid  would  become  PjOj,  which  was 
incompatible  with  the  atomic  weights  of  phosphorus  and 
oxygen,  as  determined  independently.  Graham  showed  that 
the  formation  of  the  ortho-phosphates  might  be  readily 
explained  by  supposing  that  phosphoric  acid  was  capable  of 
combining  with  three  atoms  of  base,  and  that  this  base  might 
be  either  water  or  a  metallic  oxide.  He  therefore  formulated 
orthopbosphoric  acid  and  its  sodium  salts  asfollows  (the  modern 
equivalents  of  his  formulae  being  employed)  : 

Orthopbosphoric  acid      .    .  P.3O5  +  3Hj,0. 

Acid  sodium  phosphate      .  P^Og  +  2H.2O  +  Na^. 

Ordinary  sodium  phosphate  Pfi^  +  B.fi  +  2Na^0. 

Trisodium  phosphate      .    .  PgOj  +  SNagO. 

The  water  in  the  first,  second,  and  third  of  these  salts  is 
essential  to  the  composition  of  the  salt,  since  when  it  is 
removed  new  salts  are  formed  (Vol.  I.,  p.  656). 

In  1838  Liebig  published  his  important  investigation  on 
the  constitution  of  the  organic  acids,  in  which  he  showed 
that  many  of  these  resembled  phosphoric  acid  in  their 
relations  to  bases.  He  further  proposed  that  all  acids  which 
formed  mixed  salts  containing  two  different,  non-isomorphous 
bases,  should  be  considered  as  belonging  to  the  same  class  as 
phosphoric  acid.  In  this  memoir,  moreover,  he  discussed  the 
question  whether  the  salts  and  oxyacids  are  compounds  of  a 
metallic  oxide  or  water  with  an  acid-oxide,  or  whether  all 
salts  and  acids  may  be  represented  as  combinations  of  metals 
or  hydrogen  with  some  other  element  or  group  of  elements. 
This  view  had  been  originally  suggested  by  Davy,  and  in- 
dependently by  Dulong  (in  1816),  but  had  not  been  generally 
accepted.  The  difference  in  constitution  between  the  oxy- 
acids and  the  hydracids  necessitated  a  different  explanation 
for  reactions  which  are  in  fact  similar.  Thus,  for  instance, 
it  was  assumed  that  when  hydrochloric  acid  acted  upon  zinc  the 
metal  simply  replaced  the  hydrogen  of  the  acid : 
Zn  -I-  2HC1  =  H.,  -f-  ZuCl,. 
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In  the  action,  however,  of  sulphuric  acid  upon  zinc  it  was 
necessary  to  assume  that  the  presence  of  the  acid  enabled  the 
zinc  to  decompose  the  water  (predisposing  affinity)  in  order  that 
an  oxide  might  be  formed  with  which  the  acid  could  unite ;  the 
reaction  was,  accordingly,  represented  as  taking  place  in  two 

stages : 

(1)  Zn    +  H^O  =  H2  +ZnO 

(2)  SO3  +  ZnO  =  S03,ZnO. 

Similarly,  when  hydrochloric  acid  reacts  with  lime,  water  is 
formed,  whilst,  when  the  same  base  combines  with  sulphuric 
acid,  no  water  is  produced : 

(1)  2HCI  +  CaO  =  HjO  +  CaCl,,. 

(2)  SO3  +  CaO  =  S03,CaO. 

Liebig  pointed  out  that  the  new  view  does  away  with  these 
inconsistencies  and  also  with  the  distinction  between  hydracids 
and  oxyacids,  amphid  salts  and  haloid  salts ;  acids  are  simply 
hydrogen  compounds,  the  hydrogen  in  which  can  be  replaced 
by  metals,  so  giving  rise  to  salts.  In  Liebig 's  opinion  this  view 
is  less  applicable  to  inorganic  than  to  organic  compounds.  The 
analogous  constitution  of  acids  and  salts  was,  however,  not 
generally  admitted  until  certain  facts  became  known  which  were 
favourable  to  this  theory. 

56  If  aqueous  hydrochloric  acid  is  decomposed  by  an  electric 
current  between  platinum  electrodes,  chlorine  is  evolved  at  the 
positive  and  hydrogen  at  the  negative  pole  respectively.  If 
dilute  sulphuric  acid  is  treated  in  a  similar  way,  a  simple 
decomposition  of  water  apparently  takes  place,  for  at  the 
positive  pole  we  obtain  only  oxygen  and  at  the  negative  pure 
hydrogen.  The  same  phenomenon  is  observed  in  the  electro- 
lytic decomposition  of  a  solution  of  sodium  sulphate,  but,  in 
addition,  sulphuric  acid  is  produced  at  the  positive  pole,  and 
soda  at  the  negative  pole.  Hence  it  was  argued  that  in  this 
case,  the  current  decomposed  both  the  water  into  its  elements, 
and  the  salt  into  its  immediate  components.  If  a  solution  of 
sulphate  of  copper  is  subjected  to  the  same  treatment,  oxygen 
is  evolved  and  sulphuric  acid  is  produced  at  the  positive  pole, 
whilst  at  the  negative  pole  metallic  copper  separates  out ;  this 
was  explained  by  the  supposition  that  the  copper  oxide  which 
ought  to  be  deposited  is  reduced  to  the  condition  of  metal  by 
the  nascent  hydrogen. 
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These  phenomena  were  specially  examined  by  Daniell.i     It 
appeared  to  him  important  to  determine  the  relation  between 
the  quantities  of  oxygen  and  hydrogen,  on  the  one  hand,  and  of 
the  acid  and  the  alkali  on  the  other,  formed  in  the  electrolysis 
of  a  salt  of  an  alkali.     As  the  result  of  a  large  number  of 
careful  experiments,  he  found  that  these  several  substances  are 
produced  in  the  proportion  of  their  equivalents,  and  that  this  is 
true  not  only  with  sodium  sulphate,  but  also  with  other  salts 
of  the   alkalis.      Daniell    recorded    also    the   remarkable  fact 
that  the  same   current  which  apparently   is   capable   of  pro- 
ducing   these    two    decompositions    is   capable    of  liberating 
exactly  the  same  quantities  of  hydrogen  and  of  oxygen  from 
dilute   sulphuric    acid.      In   the    latter   case,    the    current    is 
apparently  able  to  effect  only  half  the  work  which  it  can  do  in 
the  electrolysis  of  an  aqueous  saline  solution,  because  in  the 
latter  case  not  only  the  salt  but,  as  it  seems,  the  water  also, 
undergoes  decomposition.     This  is,  however,  clearly  impossible, 
and   the   phenomena   observed   can   be   readily  explained    by 
assuming  that  in  the  decomposition  both  of  aqueous  sulphuric 
acid,  and  of  the  solution  of  a  sulphate,  either  hydrogen  or  a 
metal  is  liberated  at  the  negative  pole,  whilst  at  the  positive  pole 
the  group  SO^  is  set  free.     But  this  group  cannot  exist  in  the 
free  condition,  and  decomposes  at  once  into  oxygen  and  sulphur 
trioxide,  the  latter  dissolving  instantly  to  form  sulphuric  acid. 
When    a   salt   of  an  alkali   is   electrolysed,  the  metal  which 
is    liberated   instantly   decomposes   the  water   with   evolution 
of  hydrogen.      According   to  this   view,  the   electrolytic    de- 
composition of  the  oxysalts  is   exactly  analogous   to   that   of 
the   chlorides,  and  hence  they  must  be  similarly  constituted. 
Daniell  proposed  a  new  nomenclature  for  the  oxysalts : 

H^SO^       Hydrogen  oxysulfion, 
Na^SO^     Sodium  oxysulfion, 
HNO3       Hydrogen  oxynitrion,  &c., 

which,  however,  has  never  been  generally  adopted. 

The  further  development  of  chemical  theory  has  completely 
confirmed  the  view  that  acids  and  salts  are  strictly  analogous, 
salts  being  derived  from  acids  by  the  replacement  of  hydrogen  by 
a  metal.  This  analogy  has  received  expression  in  the  nomencla- 
ture employed  by  many  chemists  for  these  substances,  according 
to  which  the  acids  are  termed  hydrogen  salts.     Thus,  just  as  nitre 

'■  bilrodiKlion  to  Chemical  Philosophy,  second  edition  (1843),  p.  53.3. 
\m.  TT  H 
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is  called  potassium  nitrate,  nitric  acid  is  called  hydrogen  nitrate, 
sulphuric  acid  hydrogen  sulphate,  &c.  In  1851  Williamson 
pointed  out  that  the  basic  oxides  and  hydroxides,  the  oxygen 
acids  and  their  salts,  might  all  be  considered  as  derived 
from  one  or  more  molecules  of  water,  by  the  partial  or  complete 
replacement  of  the  hydrogen  by  other  elements  or  groups. 
When  the  hydrogen  oif  water  is  replaced  by  a  metal,  a  basic 
oxide  or  hydroxide  is  produced,  so   that   caustic   potash   and 

oxide  of  potassium  have  the  formulae  ttO  and  jrO.     When,  on 

the  other  hand,  the  hydrogen  is  partially  replaced  by  chlorine, 
or  a  group  of  atoms  such  as  NO.^,  CIO.,,  SOg,  &c.,  acids  are 

formed,  viz.:— ^^^  0,  ^^^^^  0, ^^^  ^2'  &c.,  the  hydrogen  of 

which  can  be  replaced  by  metals  with  the  formation  of 
salts.^ 

57  If  we  ask  ourselves  the  question.  What  is  the  cause  of  the 
acid  character  of  bodies  ?  we  may  say  that  acids  must  contain 
hydrogen  together  with  certain  elements  or  groups  of  elements 
which  are  termed  negative  elements  or  groups,  inasmuch  as  these 
separate  out  at  the  positive  pole  in  the  process  of  electrolysis. 
A  compound  may,  however,  contain  these  negative  elements 
or  groups  of  elements,  and  also  hydrogen,  and  yet  not  belong  to 
the  class  of  acids.  Hence  it  appears  that  the  atoms  or  groups  of 
atoms  must  be  combined  with  hydrogen  according  to  a  particular 
plan  in  order  that  the  compound  may  assume  the  character  of 
an  acid.  Sir  Humphry  Davy,^  in  1816,  pointed  out  perfectly 
correctly  that  it  is  impossible  to  assert  that  a  particular  body 
is  an  acid-forming  or  an  alkali-forming  principle,  and  that  such 
a  definition  would  be  nothing  more  than  to  re-introduce  quali- 
tatcs  occultas  into  science.  The  chemical  properties  of  a  body, 
said  Davy,  are  determined  by  "  the  corpuscular  arrangement " 
of  the  constituent  particles. 

Amongst  the  different  acids,  the  hydrogen  compounds  of  the 
elements  of  the  chlorine  group  possess  the  simplest  constitution. 
They  contain  one  atom  of  hydrogen  combined  with  one  atom  of 
a  powerful  negative  element.  In  the  oxygen  acids  the  hydrogen 
which  can  be  replaced  by  metals  is  always  found  to  be  com- 
bined with  oxygen  in  the  form  of  the  radical  hydroxyl,  OH ; 
this  is  proved  by  the  fact  that  these  acids  can  as  a  rule  be 

1  Journ.  Chem.  Soc. ,  1852,  4,  350. 

2  Jour.  Sc.  and  Arts,  Roy.  Inst.,  1816. 
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obtained  by  the  action  of  water  on  the  corresponding 
chlorides : 

/CI  /OH 

so/       +  2H2O   =   so/         +  2HC1. 
^01  \0H 

The  ease  with  which  the  hydrogen  of  such  a  hydroxyl  group  can 
be  replaced  by  a  metal  depends  upon  the  nature  of  the  group 
with  which  it  is  combined.  This  is  well  illustrated  by  many 
organic  compounds,  which  assist  us  more  than  any  other  class 
in  the  solution  of  the  problem  as  to  what  determines  the  acid 
nature  of  a  compound.  From  a  study  of  the  organic  acids  it 
appears  that  when  the  OH  group  is  combined  with  the  group 
CO,  the  compound  containing  these  groups  is  an  acid,  whilst 
when  the  OH  group  is  united  with  the  groups  GH^  or  CH^  the 
compound  is  not  an  acid.  Thus  formic  and  acetic  acids  are 
monobasic  acids,  malonic  and  oxalic  are  dibasic  acids : 


H 

CH3 

CO.OH 

/CO.OH 

1 

0 

1 

\CO.OH 

CO.OH 

CO.OH 

CO.OH 

Formic  acid. 

Acetic  acid. 

Oxalic  acid. 

Malonic  acid. 

whilst  alcohol,  CH3.  CH^.  OH,  is  not  an  acid ;  hydroxy-acetic  acid, 
which  contains  two  OH  groups,  is  nevertheless  monobasic. 
and  tartaric  acid,  which  contains  four  OH  groups,  is  only 
dibasic : 

CH3  CH.,.OH  CH(OH).CO.OH 

I  I     "  I 

CH2.OH  CO.OH  CH(OH).CO.OH 

Alcohol.  Hydroxy-acetic  acid.  Tartaric  acid. 

The  group  SO2  exerts  a  similar  influence,  so  that  such  a 
substance  as  CgHj.SOg.OH  is  also  found  to  be  an  acid. 

Although  it  is  characteristic  of  all  acids  that  they  contain 
hydrogen  which  can  be  replaced  by  metals,  some  substances 
which  fulfil  this  condition  are  not  acids.  Thus  compounds  of 
such  different  properties  as  ammonia,  NH3,  water,  H^O,  and 
alcohol,  CgHgOH,  all  yield  metallic  derivatives,  NH^Na,  NaOH, 
and  CgHgONa,  when  they  are  directly  acted  on  by  metallic 
sodium;  whilst  marsh  gas,  CH^,  and  benzene,  CgHg,  can  by 
indirect  means  be  converted  into  organo-metallic  derivatives 
such  as  (CH3),Zn  and  (C6H6)3Hg.  It  is  therefore  usual  to  define 
acids  as  compounds  which  contain  hydrogen  capable  of  being 

h2 


100  THE  METALS 


replaced  by  a  metal  when  the  latter  is  presented  to  them  in  the 
form  of  a  hydroxide.  It  is,  however,  impossible  to  draw  a  hard 
and  fast  line  between  substances  which  are,  and  those  which 
are  not  acids,  since,  especially  among  the  organic  compounds, 
the  two  classes  pass  imperceptibly  into  one  another. 


Constitution  of  Salts,  Acids,  and  Bases  in  Dilute 
Solution. 

58  As  already  explained  (Vol.  I.,  pp.  122 — 126),  the  behaviour 
of  acids,  bases,  and  salts  in  dilute  solution  has  led  to  the 
conclusion  that  these  substances  are  dissociated  into  equal 
quantities  of  positively  charged  ions,  or  kations,  and  negatively 
chai'ged  ions,  or  anions,  the  extent  of  dissociation  increasing  in 
all  cases  with  the  dilution  of  the  solution.  Acid  properties  are 
found  to  be  peculiar  to  substances  which  yield  hydrogen  as 
ii  kation,  whilst  the  anion  OH  is  characteristic  of  basic  sub- 
stances. Weak  acids  and  bases,  such  as  acetic  acid,  boric  acid, 
ammonia,  &c.,  are  found  to  be  only  very  slightly  dissociated, 
whilst  strong  acids  ami  bases,  such  as  hydrochloric  and  nitric 
acids,  caustic  soda,  and  caustic  potash,  are  very  largely  dis- 
sociated even  in  moderately  strong  solution.  The  percentage 
of  dissociated  molecules  in  solutions  which  contain  1  gram 
equivalent  per  litre  of  the  various  substances,  is  about  80  for 
the  strongest  acids  and  bases,  and  0—10  for  weak  acids  and 
bases.  Salts  which  yield  a  univalent  kation  and  a  univalent 
anion  are  dissociated,  at  the  afore-mentioned  concentration,  to 
the  extent  of  60—70  per  cent.,  even  when  the  acid  and  base 
from  which  the  salt  is  derived  are  both  weak. 

The  action  of  acids,  bases,  and  salts  on  the  colouring  matters 
known  as  indicators,  such  as  litmus,  phcnolphthalein,  &c., 
receives  a  very  interesting  explanation  in  the  light  of  this  theory. 
The  substances  which  are  used  as  indicators  are  themselves 
either  weak  acids,  or  weak  bases,  or  salts  derived  from  them. 
Thus  blue  litmus  solution  contains  the  sodium  salt  of  a  very 

weak  acid,  the  ions  being  the  colourless  kation  Na,  and  a 
complex  anion  which  gives  the  liquid  its  blue  colour.  When 
an  acid  is  added  to  the  solution  these  complex  anions  are 
brought  into  the  presence  of  free  hydrogen  ions,  with 
which  they  immediately  unite  to  form  molecules  of  the  weak 
acid  of  litmus.     This  is  much  less  dissociated  than  its  sodium 
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salt,  and  causes  the  liquid  to  appear  red,  the  change  of  colour 
being  due  to  the  fact  that  the  molecule  of  the  undissociated 
acid  has  a  different  colour  from  that  of  the  anion. 

It  follows  from  the  above  that  an  acid  indicator  will  be  sensi- 
tive only  to  acids  which  are  much  more  strongly  dissociated 
than  itself,  since  only  such  acids  will  bring  about  the  practically 
complete  removal  of  the  anions  of  the  litmus  acid  by  combination 
with  hydrogen  ions.  Hence  it  is  that  the  various  indicators 
differ  in  their  sensibility  towards  acids,  and  that  some  weak 
acids  such  as  boric  acid  do  not  show  an  acid  reaction  towards 
litmus.  In  the  same  way,  methyl-orange  is  not  affected  by 
carbonic  acid  or  by  sulphuretted  hj'drogen ;  properties  of 
which  advantage  is  taken  in  various  methods  of  volumetric 
analysis.  Similar  considerations  hold  with  regard  to  the 
reactions  of  basic  substances.  Thus,  when  caustic  soda  is 
added  to  a  solution  of  red  litmus,  the  few  free  hydrogen  ions 

of  the  litmus  acid  unite  with  the  OH  anions  of  the  caustic  soda, 
forming  water.  Equilibrium  being  thus  disturbed,  fresh 
molecules   of    the   acid   undergo   dissociation;    the    hydrogen 

ions  thus  liberated  unite  with  the  OH  anions,  and  this  process 
goes  on  until  practically  the  whole  of  the  molecules  of  the  acid 
have  been  dissociated ;  the  corresponding  number  of  molecules 
of  water  are  formed,  and  the  solution  finally  contains  kations 

of  Na,  the  OH  anions  from  the  excess  of  caustic  soda,  and 
the  anions  of  the  litmus  acid,  which  render  the  liquid  blue.^ 

Molecules  capable  of  yielding  more  than  two  ions  appear  to 
be  only  very  partially  dissociated  even  at  fairly  low  concentra- 
tions.    Thus,  for  example,  sulphuric  acid,  which  is  capable  of 

yielding  the  three  ions  H,  H,  SO^,  is  found  in  dilute  solutions  to 

+ 
be  mainly  dissociated  into  the  two  ions  H,  and  HSO^,  whilst 

only  a  comparatively  small  proportion  of  the  HSO^  ions  are 

further  dissociated  into  H  and  SO^.  The  second  stage  of  the 
dissociation  does  not  become  very  prominent  until  concentra- 
tions of  the  order  of  one-tenth  or  one-hundredth  of  a  gram 
equivalent  per  litre  are  reached. 

Some  salts  in  which  no  replaceable  hydrogen  is  present  do  not 
give  a  neutral  reaction  when  dissolved  in  water,  whilst  others 

1  For  this  and  other  theories  of  inaicators,  see  Thiel,  Ahrens'  Sammlung, 
1911,  16,  307. 
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containing  replaceable  hydrogen  are  not  acid  to  indicators. 
Thus  salts  formed  from  a  strong  acid  and  a  weak  base,  such  as 
ferric  chloride,  chromic  chloride,  aluminium  sulphate,  &c.,  usually 
have  an  acid  reaction,  whilst,  on  the  other  hand,  salts  formed 
from  a  weak  acid  and  a  strong  base  have  an  alkaline  reaction, 
as  is  seen  in  the  case  of  sodium  carbonate,  sodium  borate, 
sodium  nitrite,  sodium  aluminate,  sodium  silicate,  &c.  More- 
over, disodium  hydrogen  phosphate,  NajHPO^,  sodium  bicar- 
bonate, NaHCO,,  and  similar  acid  salts  are  neutral,  or  even 
alkaline,  to  indicators.  It  seems  probable  that  in  such  cases 
the  salt  is  partially  decomposed  or  hydrolysed  by  the  solvent 
water,  which,  as  shown  by  its  electrical  conductivity,  contains 
a  certain  number  of  free  hydrogen  and  hydroxyl  ions,  although 
this  number  must  be  a  very  small  one  (Vol.  I.,  p.  300). 
Taking  the  example  of  a  salt  of  a  weak  monobasic  acid,  such  as 
nitrous  acid,  with  a  strong  base,  such  as  caustic  soda,  we  have 
the  following  relations.  When  sodium  nitrite  is  dissolved  in 
water  the  following  reaction  probably  occurs  between  a  few  of 

+  — 

the  ions  of  the  salt  and  the  free  ions  H  and   OH,  to  which 

reference  has  just  been  made,  molecules  of  the  weak,  slightly 
dissociated  acid,  HNOj,  being  formed  : 

Na  -F  NO2  +  H  -f  OH  =  Na  +  OH  -f  HNO^. 

As  a  result  of  this  action  there  remains  an  excess  of  hydroxyl 
ions,  and  the  solution  has  therefore  an  alkaline  reaction. 
Similar  conditions  prevail  in  solutions  of  many  salts  of  weak 
acids,  for  example,  those  of  potassium  cyanide,  which  always 
smell  of  hydrogen  cyanide.  When,  on  the  other  hand,  the  salt 
has  been  formed  from  a  strong  acid  and  a  weak  base,  the  hydro- 
gen ions  are  present  in  excess,  and  the  solution  has  an  acid 
reaction.  Some  salts  which  have  been  formed  from  a  weak 
acid  and  a  weak  base  are  completely  decomposed  in  dilute 
solution.  This  is  especially  characteristic  of  the  salts  of  the 
weak  organic  bases.^ 

METALLIC  OXIDES,  HYDROXIDES,  AND  SALTS. 

59  All  the  metals  combine  with  oxygen.  Some,  such  as  those 
of  the  alkalis  and  alkaline  earths,  unite  with  oxygen  so  readily 

^  8ee  Ostwald,  The  Scientific  Foundations  0/  Analytical  Chemistry.  Trans- 
lated by  McGowan  (Macmillan,  1900). 
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that  they  have  to  be  preserved  out  of  contact  with  air.  Other 
metals  withstand  the  action  of  oxygen  at  the  ordinary  tempera- 
ture, but  combine  with  it  when  heated.  When  such  metals  are 
easily  volatile,  as  is  the  case  with  magnesium  and  zinc,  they 
burn  with  a  bright  flame  in  the  air  or  in  oxygen.  If  they 
do  not  volatilise  readily,  e.g.,  tin  and  lead,  the  metals  gradually 
undergo  oxidation  without  production  of  light.  A  few  metals, 
such  as  gold  and  platinum,  cannot  be  made  to  unite  directly 
with  oxygen,  even  at  the  highest  temperatures,  but  their  oxides 
can  be  prepared  by  indirect  means.  Chlorine  attacks  all  metals, 
and  if  the  chlorides  of  those  metals  which  are  not  directly 
oxidisable  are  decomposed  by  an  alkali,  their  oxides  or 
hydroxides  are  formed :  thus— 

2AuCl  +  2K0H  =  Au^O  +  2KC1  +  Hp. 

Representatives  of  each  of  the  three  classes — basic  oxides, 
peroxides,  and  acid-forming  oxides — ^into  which  the  oxides  in 
general  may  be  roughly  divided  (Vol.  I.,  p.  260),  are  found 
among  the  oxides  of  the  metals. 

(a)  Basic  Oxides. — The  term  basic  oxide  is  applied  only  to 
such  oxides  as  react  with  acids  to  form  the  corresponding  salt 
and  water,  and  hence  all  these  oxides  are  formulated  as  derived 
from  water  by  the  replacement  of  hydrogen  by  a  metal,  or  a 
radical  containing  a  metal  united  with  oxygen.  Thus  in 
uranium  oxide,  UO3,  which  yields  salts  such  as  U02(N03)2,  the 
hydrogen  of  water  is  replaced  by  the  radical  UOg,  which  is 
present  also  in  the  salts.  When  only  a  part  of  the  hydrogen 
is  replaced  by  a  metal  or  radical,  the  resulting  compound  is 

/OH 
termed  a  hydroxide,  e.g.,  Ca(         .     The  hydroxides  were  for- 

\0H 
merly  called  hydrates,  as  they  were  supposed  to  be  compounds 
of  the  oxides  with  water. 

Many  of  the  metals  form  several  basic  oxides  and  correspond- 
ing series  of  salts,  in  which  they  have  a  different  equivalent,  as 
shown  in  the  following  list: 


Mercurous  oxide     .      |     ^O 

Hg/ 
Ferrous  oxide    .     .    Fe  =  0 

.OH 
Ferrous  hydroxide  .   Fe<f 


Mercuric  oxide .     .     Hg=0 
.Fe  =  0 

Ferric  oxide      .     0. 

\Fe  =  0 
/OH 
Ferric  hydroxide     .     Fe;;-OH 
■'  \0H 
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It  must  be  remembered  that  only  the  empirical  formula  of  most 
of  the  oxides  and  hydroxides  is  known,  and  that  therefore  no 
conclusion  as  to  the  valency  of  the  metal  can  be  drawn  from 
these  formulse.  Thus  ferrous  oxide  may,  for  all  we  know,  have 
the  formula  Fe^Og,  and  the  constitution  0  =  Fe — Fe  =  0. 

The  basic  oxides  are,  as  a  rule,  obtained  by  the  direct  oxida- 
tion of  the  metal,  or  by  one  of  the  following  methods  : 

(1)  The  decomposition  by  heat  of  a  salt  derived  from  the 
metal  and  an  acid  the  anhydride  of  which  is  volatile,  or  yields 
volatile  decomposition  products : 

PbCOg  =  PbO  +  COsj. 
ZnSO^  =  ZnO  +  SO3. 
4A1(N03)3  =  2A1203  +  12NO2  +  3O2. 

(2)  The  decomposition  of  the  hydroxide  by  heat : 

2Cr(OH)3  =  CrPg  +  .SHp. 

The  basic  hydroxides  are  usually  prepared  as  follows  : 

(1)  By  the  reaction  of  a  soluble  hydroxide  on  a  salt  of  the 
metal : 

2NaH0  +  ZnSO,  =  Na^SO,  +  ZnCOH^ 

The  oxide  itself  is,  however,  sometimes  formed  in  this  reaction 
instead  of  the  hydroxide : 

2NaOH  +  2AgN03  =  SNaNOg  +  Agf)  +  H^O. 

(2)  By  the  direct  combination  of  the  oxide  with  water  : 

CaO  +  Hp  =  Ca(0H)2. 

The  hydroxides  of  the  alkali  metals  are  the  most  soluble. 
They  are  termed  alkalis,  and  are  distinguished  by  their  caustic 
taste.  The  hydroxides  of  the  metals  of  the  alkaline  earths  are 
less  soluble.  Most  of  the  other  hydroxides  and  basic  oxides  are 
almost  insoluble  in  water.  Exceptions  to  this  are  thallous 
hydroxide,  which  is  very  soluble  in  water,  and  the  oxides  of  lead, 
silver,  and  magnesium,  which  dissolve  very  slightly. 

(b)  Acid-forming  Oxides.— The  hydroxides-corresponding  with 
these  oxides  are  the  acids,  but  only  comparatively  few  of  these 
are  known  in  the  free  state  among  the  derivatives  of  the  metals. 
Like  the  basic  oxides,  they  are  formulated  as  derived  from  water 
by  the  complete  or  partial  replacement  of  the  hydrogen  by  a 
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metal  or  radical.  They  are  usually  obtained  by  the  addition 
of  a  stronger  acid  to  a  salt  derived  from  the  acid-forming  oxide 
in  question : 

K.jGvfi^  +  HjSO,  =  K2SO,  +  2Cr03  +  Bfi. 

It  is  a  general  rule  that  the  acid-forming  oxides  of  a  metal 
contain  more  oxygen  than  the  basic  oxides  of  the  same  metal. 
Thus  BigOg  is  a  basic  oxide,  while  BijOg  is  a  weak  acid-forming 
oxide  ;  again,  VO  is  a  basic  oxide,  whilst  VgOg  yields  a  strong- 
acid  which  forms  stable  salts. 

(c)  Peroxides. — The  term  peroxide  is  applied  generally  to 
oxides  which  are  neither  basic  nor  acid-forming,  but  contain 
more  oxygen  than  the  basic  oxides  of  the  same  metal.  Many 
of  these  peroxides  appear  to  be  derived  from  hydrogen  peroxide 
in  the  same  way  as  the  basic  and  acid- forming  oxides  are  derived 
from  water.  Thus,  when  they  are  treated  with  an  acid  they 
yield  a  salt  and  hydrogen  peroxide : 

Ba<    I  +  2HC1  =  BaCla  +  H.O.O.H, 

\o 

while  some  of  them  may  be  prepared  by  double  decomposition 
between  a  salt  of  the  metal  and  hydrogen  peroxide.  In  some 
cases  such  oxides  are  to  be  considered  as  having  a  mixed 
constitution,  part  of  their  oxygen  being  derived  from  water 
and  part  from  hydrogen  peroxide. 

Peroxides  which  are  not  true  derivatives  of  hydrogen  peroxide, 
on  the  other  hand,  act  in  the  presence  of  acids  simply  as 
oxidising  agents.  Thus,  when  they  are  treated  with  hydro- 
chloric acid,  chlorine  is  evolved,  and  the  salt  corresponding  to  a 
lower  basic  oxide  is  formed : 

PbO,  -1-  4HC1  =  PbCla  -1-  2HP  +  Cl^. 

It  is,  however,  impossible  to  employ  this  reaction  as  the  basis  of 
a  rigid  classification  of  the  peroxides,  since  the  behaviour  of 
the  various  oxides  towards  hydrochloric  acid  has  not  been 
sufficiently  investigated. 

This  action  of  hydrochloric  acid  on  the  higher  oxides  of  the 
metals  is  frequently  employed  for  the  determination  of  the 
composition  of  these  oxides,  and  for  their  analytical  estimation 
(Bunsen).  The  chlorine  evolved  from  a  known  weight  of  the 
oxide  is  passed  into  a  solution  of  potassium  iodide,  and  the 
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iodine  liberated  is  estimated  by  means  of  a  standard  solution  of 
sodium  thiosulphate.  Many  oxides  which  are  not  peroxides 
undergo  the  same  reaction,  a  salt  corresponding  with  a  lower 
oxide  being  formed : 

2Cr03  +  12HC1  =  6H2O  +  2CrCl3  +  SCl^. 

60  In  addition  to  the  classes  of  oxides  which  have  already  been 
discussed,  many  metals  also  yield  stib-oxides,  containing  less 
oxygen  than  the  lowest  oxide  of  the  metal  which  is  capable  of 
yielding  salts,  e.g.  Cu^O,  Pb^O,  &c.  The.  constitution  of  these 
oxides  is  not  at  present  understood.  Many  metals,  moreover, 
form  intermediate  oxides,  to  which  no  corresponding  salts  are 
known.  Such  oxides  are  intermediate  in  composition  between 
two  of  the  other  oxides  of  the  metal,  and  generally  yield  a 
mixture  of  products  when  treated  with  acids.  Thus  magnetic 
oxide  of  iron,  FcgO^,  which  is  intermediate  between  ferrous 
and  ferric  oxides,  FeO  and  FcgOg,  yields  a  mixture  of  ferrous 
and  ferric  chlorides  when  it  is  dissolved  in  hydrochloric  acid : 

FcgO^  +  8HC1  =  FeClg  +  2FeCl3  +  4H20. 

Red  lead,  PbgO^,  on  the  other  hand,  which  is  intermediate 
between  the  monoxide  and  the  peroxide  of  lead,  PbO  and 
PbOj,  is  converted  into  lead  nitrate  and  lead  peroxide  when 
it  is  treated  with  dilute  nitric  acid  : 

PbgO,  +  4HNO3  =  2Pb(N03)2  +  PbOg  +  2n.fi. 

61  It  will  be  seen  from  the  foregoing  that  the  classification 
of  the  oxides  is  based  mainly  on  the  behaviour  of  these  com- 
pounds with  regard  to  the  formation  of  salts.  Since  an  oxide 
may  exhibit  varying  behaviour  in  this  respect  when  it  is  placed 
under  different  conditions,  it  follows  that  the  same  oxide  may 
be  found  as  a  member  of  more  than  one  class.  Many  oxides, 
for  example,  act  as  basic  oxides  towards  strong  acids,  but  as 
acid-forming  oxides  towards  strong  bases,  and  on  this  ground 
are  described  as  "amphoteric."  Thus  aluminium  hydroxide 
is  dissolved  by  sulphuric  acid  with  formation  of  aluminium 
sulphate : 

2A1(0H)3  -I-  3H,S0,  =  A1,(S0,)3  +  GH^O, 
and  also  by  caustic  soda  with  formation  of  sodium  aluminate, 

A1(0H)3  +  NaOH  =  Al(0H)20Na  +  H^O. 
Again,  when  black  oxide  of  manganese,  Mn02,  is  warmed  with 
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hydrochloric  acid,  chlorine  is  evolved  and  manganous  chloride  is 
formed,  so  that  the  oxide  behaves  as  a  peroxide : 

MnOa  +  4HC1  =  MnCla  +  CI3  +  2H2O. 

At  a  lower  temperature,  however,  an  unstable  salt  is  formed 
which  is  known  only  in  solution,  so  that  in  this  case  the  oxide 
acts  as  a  basic  one : 

MnOs,  +  4HC1  =  MnCl,  +  2H2O. 

The  same  oxide  combines  also  with  strongly  basic  oxides  such 
as  lime,  CaO,  to  form  unstable  manganites,  such  as  CaO.MnOg, 
in  which  it  plays  the  part  of  an  acid-forming  oxide. 

62  Salts  may  be  divided  into  several  groups. 

(1)  Normal  salts  are  those  in  which  the  whole  of  the  re- 
placeable hydrogen  of  an  acid  is  completely  replaced  by  a  metal. 
These  were  formerly  called  neutral  salts,  or  salia  media,  because 
it  was  noticed  that  when  an  alkali  was  added  in  the  right 
proportion  to  a  powerful  acid  the  resultin_g  salt  possessed  neither 
an  alkaline  nor  an  acid  reaction.  This,  however,  is  not  the 
case  with  every  normal  salt  (see  p.  102). 

Polybasic  acids  can  form  salts  containing  two  or  more 
different    metals:    as,    for    instance,   potassium    sodium    car- 

roK 

bonate,  CO]  p.-^^  .  Polyacid  bases,  on  the  other  hand,  may 
give  rise  to  salts  which  contain  two  acid  radicals :  e.g., 
Sr]  p.p  TJ  r\'  ^  compound  which  is  at  the  same  time  a  nitrate 
and  an  acetate  ;   as  another  and  more  complex   example  the 

mineral  vanadinite  may  be  cited,  VO-  0/    ^,  which  is  a  cal- 

[OCaCl 
cium   salt  of  tribasic  vanadic  acid,   and  at  the  same   time  a 
chloride. 

The  salts  formed  by  the  union  of  an  acid-forming  oxide  with 
a  normal  salt,  or  by  the  removal  of  water  from  an  acid  salt,  are 
sometimes  called  acid  salts,  but  are  really  normal  salts  derived 
from  complex  acids,  which,  however,  often  do  not  exist  in  the 
free  state.  Sodium  pyrophosphate,  for  instance,  which  js 
obtained  by  heating  ordinary  sodium  phosphate  to  redness, 

jOH  ^  0  +HA 

PO((ONa),  ^°l(ONa), 
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is  the  normal  salt  of  pyrophosphoric  acid,  H^PgOy,  which  can  be 
prepared  in  the  free  state,  and  also  yields  an  acid  salt,  NagHgPaOy. 
The  acids  corresponding  with  potassium  dichromate,  K^CrgO^, 
borax,  NagB^O^,  &c.,  on  the  other  hand,  are  not  known.  Further 
examples  of  this  class  of  substances  are  potassium  disulphate 
or  pyrosulphate,  obtained  by  heating  potassium  hydrogen 
sulphate, 

OH  =      r    +  ^A 

sodium  metabisulphite,  NaaSjOj,  and  many  complex  phosphates 
borates,  and  silicates  (Vol.  I.,  pp.  665,  729,  917). 

(2)  Arid  salts  are  formed  when  only  a  portion  of  the 
replaceable  hydrogen  contained  in  a  polybasic  acid  is  sub- 
stituted  by  a  metal.     The    acid    salts    often  possess   an    acid 

reaction,  as  is  the  case  with  acid  potassium  sulphate,  SOgS  f^xr' 

but,  as  we  have  seen,  this  reaction  is  dependent  on  the  nature 
of  the  acid  and  the  base  (see  p.  102). 

(3)  Basic  salts  stand  in  the  same  relation  to  the  basic  hydr- 
oxides as  the  acid  salts  to  the  acids.  They  may  be  regarded  as 
formed  from  the  basic  hydroxides  by  the  reaction  of  only  a 
part  of  their  hydroxyl  groups  with  the  hydrogen  of  an   acid, 

e.g.   Znj^j  . 

Some  of  these  salts  do  not  contain  a  hydroxyl  group,  and 
these  may  be  considered  as  the  normal  salts  of  complex  basic 
radicals.  Thus,  basic  bismuth  chloride  (bismuth  oxychloride), 
BiOCl,  may  be  looked  upon  as  the  chloride  of  BiO(OH), 
derived  by  loss  of  water  from  bismuth  hydroxide,  Bi(0H)3, 
just  as  metaphosphoric  acid  is  derived  from  ortho-phosphoric 
acid. 

Basic  salts  are  sometimes  formed  by  the  combination  of  a 
normal  salt  with  a  hydroxide.  Thus,  if  a  solution  of  lead  nitrate 
IS  boiled  with  lead  hydroxide,  a  basic  lead  nitrate  is  formed ; 


^HSS§:  +  ^Hoi  =  ^^HoNo. 


Basic  zinc  chloride,  Znj^^g^  may  be  obtained  in  the  same  way. 
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Basic  bismuth  nitrate,  on  the  other  hand,  is  obtained  by  the 
action  of  water  on  the  normal  salt : 


Bi-^ONO,  +  2H,0  =  Bi' 


-,v.x,a,  +   2H,0  =  Bi'OH       +   2N0.,0H. 

Amongst  other  basic  salts  may  be  mentioned : 

Malachite.         Blue  Carbonate  of  Copper.         White  Lead. 

Pf^fOCuOH  p,.fOPbOH 

C^lOCuOH  \of^-  |o|Pb 

'"^\OCuOH  ^^{oPbOH. 

Basic  JNIercuric  Sulphate. 

(4)  GumjAex  andDouble  Salts.  When  two  salts  are  dissolved  in 
water  and  the  solution  evaporated,  it  frequently  happens  that 
the  crystals  which  are  formed  contain  the  two  salts  combined  in 
definite  molecular  proportions,  often  along  with  water  of  crystal- 
lisation. Thus,  when  potassium  sulphate,  K^SO^,  and  alumin- 
ium sulphate,  Al2(SOj3,18H20,  are  treated  in  this  way, 
crystals  of  potash  alum,  K2S04,Al2(SOj3,24H20,  are  obtained ; 
whilst  potassium  chloride,  KCl,  and  platinic  chloride,  PtCl^, 
yield  the  compound  KgPtClg,  potassium  platinichloride.  A  dis- 
tmction  is  usually  made  between  complex  salts  such  as  potass- 
ium platinichloride,  and  double  salts  such  as  potash  alum 
(OstwakI).  Members  of  the  former  class  yield,  even  in  dilute 
solution,  a  complex  ion,  which  differs  from  the  ions  of  either  of 
the  component  salts,  whereas  true  double  salts  yield  the  same  ions 
as  the  single  salts  from  which  they  have  been  formed.     Thus  the 

salt  KgPtCle  yields  the  complex  anion  PtClg,  whilst  alum  yields 
the  same  ions  as  potassium  sulphate  and  aluminium  sulphate. 
This  distinction,  however,  is  not  absolute,  since  most  double  salts 
yield  a  certain  proportion  of  complex  ions,  at  all  events  in 
concentrated  solution. 

Complex  salts  are  best  regarded  as  the  salts  of  complex  acids 
or  bases,  and  their  chemical  behaviour,  as  has  already  been 
pointed  out  (Vol.  I.,  125),  is  often  quite  different  from  that  of 
their  constituent  salts. 

DouUe  salts.  Although  very  many  double  salts  have  been 
prepared,  very  little  is  known  as  to  the  constitution  of  com- 


110 


THE  METALS 


pounds  of  this  class.  Their  aqueous  solutions  as  a  rule  exhibit 
the  properties  which  would  be  expected  of  a  mixture  of  the 
solutions  of  the  component  salts,  although  there  is  evidence  in 
some  cases  of  the  existence  in  solution  of  an  unstable  complex. 
The  relation  of  the  solid  salts  to  water  is  of  great  importance, 
and  is  discussed  later  (p.  118). 

Among  the  double  salts  are  found  many  series  of  isomorphous 
salts ;  a  typical  example  is  furnished  by  the  double  sulphates 
R'2SO^,R"S04,6H20,  in  which  R'  represents  the  alkali  metals 
K,  Rb,  and  Cs,  together  with  NH^  and  Tl',  whilst  R"  represents 
the  divalent  metals  such  as  Mg,  Zn,  Cd,  Mn",  Fe",  Ni,  and  Co. 


Solubility  of  Salts. 

63  A  very  important  property  of  salts  is  the  manner  in  which 
they  behave  when  treated  with  water.  Strictly  speaking,  all 
salts  are  soluble  to  some  extent  in  these  circumstances,  but 
in  many  cases  the  amount  dissolved  is  so  minute  that  for  most 
purposes  it  may  be  neglected,  and  it  is  therefore  usual  to  classify 
salts  roughly  as  soluble,  sparingly  soluble,  and  insoluble,  in 
water. 

The  extent  of  the  variation  in  the  solubility  of  different  salts 
is  illustrated  by  the  following  table,  the  figures  in  which  repre- 
sent the  weight,  in  grams  of  anhydrous  salt,  dissolved  by  100 
grams  of  water  at  15-18°  C.  The  formula  gives  in  each  case 
the  composition  of  the  solid  which  is  in  equilibrium  with  the 
saturated  solution  at  the  same  temperature. 


Potassium  carbonate,  K2C03,2H20 
Calcium  chloride,  CaCla.eH^O 
Sodium  chloride,  NaCl    .    .    . 
Potassium  nitrate,  KNO3    .    . 
Potassium  sulphate,  Kj^^^     . 
Potassium  perchlorate,  KCIO^ 
Calcium  sulphate,  CaSO^,2H20 
Strontium  sulphate,  SrSO, 
Lead  sulphate,  PbSO^      . 
Barium  sulphate,  BaSO^ 
Silver  chloride,  AgCl  .    . 
Silver  bromide,  AgBr  .    . 
Silver  iodide,  Agl    .    .    . 


110'5 

66 

35-9 

26 

10-3 
1'6 
0-20 
0-011 
0004.1 
000026 
000014 
000001 
0-0000002 
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The  solubility  of  a  given  salt  has  a  definite  value  at  each 
temperature.  In  a  few  instances,  such  as  calcium  hydroxide, 
and  the  calcium  salts  of  certain  organic  acids,  the  solubility 
diminishes  with  rising  temperature,  but  the  great  majority  of 
salts  exhibit  an  increase  of  solubility  as  the  temperature  rises. 
In  some  cases,  such  as  that  of  potassium  chloride,  the  solubility 
increases  proportionally  to  the  rise  of  temperature,  i.e.,  the 
solubility  curve  is  a  straight  line,  but,  as  a  general  rule,  the 
curve  becomes  steeper  as  the  temperature  rises.  Instances  of 
this  will  be  found  in  Fig.  8,  where  a  number  of  solubility-tem- 
perature curves  are  reproduced,  the  abscissfB  representing  tem- 
peratures, and  the  ordinates  the  weights  of  salt  dissolved  by  100 
grams  of  water. 

The  variation  of  solubility  with  temperature  may  be 
conveniently  represented  also  by  interpolation  fommlse,  the 
constants  in  which  are  deduced  from  direct  experiment.  Thus, 
if  S  represents  solubility  at  the  temperature  t°  C,  we  have  for 
potassium  nitrate : 

S  =  13-32  +  0-5738i;  -|-  0-01711 1'  +  0000003598i;  =*. 

The  process  of  dissolution  of  a  salt  in  water  is  generally 
accompanied  by  absorption  of  heat,  but  there  are  many  cases 
in  which  heat  is  evolved.  The  heat  of  solution,  for  instance,  of 
a  hydrated  salt  is  generally  negative,  whereas  that  of  the  cor- 
responding anhydrous  salt  is  positive.  Salts  which  do  not  form 
hydrates  have,  as  a  rule,  a  negative  heat  of  solution. 

The  first  action  of  water  on  a  salt,  or,  speaking  generally,  of 
a  solvent  on  any  crystalline  substance,  is  to  liberate  those 
molecules  with  which  it  is  in  contact,  and  to  allow  them  to  dis- 
tribute themselves  equally  throughout  the  liquid;  this  process 
continues,  provided  an  excess  of  the  salt  is  present,  until  no 
more  of  the  latter  is  dissolved,  a  condition  of  equilibrium  bemg 
thus  established  between  the  solution  and  the  salt.  The 
condition  of  equilibrium  is  expressed  by  the  solubility,  which, 
as  already  shown,  varies  according  to  the  nature  of  the  salt 
and  the  temperature.  Hence  the  solubilicy  at  a  given 
temperature  depends  upon  the  exact  nature  of  the  solid 
present,  and  when  a  salt  crystallises  in  two  different  forms 
the  solubility  may  be  different  in  the  two  cases.  Thus 
it  is  that  the  solubility  of  an  anhydrous  salt  is  different 
from  that  of  each  of  its  hydrates,  as,  for  example  in  the 
case    of  calcium    sulphate,   which    is   much    more   soluble    as 
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the  hemihydrate  than  when  combined  with  two  molecules  of 
water  to  form  gypsum.  This  fact  is  of  great  practical  import- 
ance, inasmuch  as  it  is  the  cause  of  the  setting  of  plaster  of 
Paris  (q.v.). 


Fig.  8. 


The  fact  that  the  solubility  depends  on  the  exact  nature  of 
the  solid  in  equilibrium  with  the  saturated  solution  has  also 
supplied  the  explanation  of  certain  cases  of  abnormal  solubility, 
of  which  sodium  sulphate  is  a  typical  example.  As  will  be  seen 
from   the   diagram.  Fig.    8,  the   solubility   of  this   salt   rises 
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rapidly  from  0°  to  32'5°,  but  decreases  from  that  point  onwards, 
and  is  considerably  less  at  100°.  It  was  formerly  supposed 
that  up  to  32-5°  the  liquid  contained  the  hydrate  NajSO^.lOHaO 
in  solution,  and  that  above  this  temperature  the  latter  under- 
went dissociation,  the  solution  then  containing  the  anhydrous 
salt.  There  is,  however,  no  evidence  of  any  sudden  change  in 
the  properties  of  the  solution,  such  as  its  vapour  pressure  or 
viscosity,  at  any  point,  and  it  has  been  shown  that  the  above 
behaviour  is  really  due,  not  to  any  change  in  the  constitution 
of  the  liquid,  but  to  a  change  in  the  solid  substance  with 
which  the  saturated  solution  is  in  equilibrium.  Up  to  825° 
the  solid  salt  present  is  NagSO^.lOHgO,  and  below  that 
temperature  the  curve  represents  the  solubility  of  this  hydrate 
in  water ;  at  32'5°  the  crystals  of  the  hydrate  are  dissociated 
into  water  and  anhydrous  salt,  and  above  that  temperature  the 
curve  represents  the  diminishing  solubility  of  the  latter  with 
rise  of  temperature ;  the  curve,  therefore,  is  a  combination  of 
two  separate  solubility  curves  which  meet  at  32-5°.  When  a 
solution  which  has  been  saturated"  at  32'5°  is  warmed,  the 
anhydrous  salt  is  deposited,  whilst  when  it  is  cooled  the 
hydrate  NagSO^jlOHjO  separates  out. 

64  The  temperature  32-5°,  at  which  the  change  from 
Na^SO^.lOHjO  to  NajSO^  occurs,  is  called  the  transition 
temperature  for  this  pair  of  substances,  and,  like  the  melting 
point  of  a  solid,  is  a  perfectly  definite  temperature,  depending 
only  on  the  pressure.  Above  32-5°,  the  decahydrate  is  unstable, 
below  it,  the  anhydrous  salt  and  water  form  an  unstable  system 
and  unite  to  form  the  decahydrate.  Such  transition  tempera- 
tures are  very  definite  points,  and  on  this  ground  may  be 
employed  in  the  standardisation  of  thermometers.'  Like  the 
melting  point,  moreover,  the  transition  temperature  is  a  point 
at  which  absorption  of  heat,  change  of  volume,  and  change  of 
vapour  pressure  occur,  and  it  can  be  determined  experimentally 
by  observations  of  any  of  these  effects. 

The  break  in  the  solubility  curve  occurring  at  a  transition 
temperature  is  generally  much  less  marked  than  in  the  case  of 
sodium  sulphate.  When  each  of  the  hydrates  which  are  in 
equilibrium  at  the  transition  temperature  becomes  more  soluble 
with  rising  temperature,  the  slopes  of  the  solubility  curves 
for  the  two  compounds  may  not  be  very  different.     Instances 

1  See  Richards  and  others,  Ztit.  phydkal.  Chem.,  1898,  26,  690;  28,  313  ; 
1903,  43,  465 ;  1906,  56,  348  ;  1907,  61,  313. 
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of  this  are  found  in  connection  with  the  hydrates  of  copper 
nitrate  and  lithium  nitrate. 

65  The  examination  of  the  relations  of  a  salt  to  water  in  the 
manner  exemplified  above  by  the  case  of  sodium  sulphate  is  of 
great  importance  for  the  study  of  the  various  hydrates  formed 
by  the  salt.  In  the  investigation  of  the  conditions  of  equilibrium 
in  various  systems  of  solids,  liquids,  and  gases,  of  which  the 
foregoing  is  a  special  case,  each  of  the  chemical  substances 
present  is  called  a  component  of  the  system,  and  each  uniform 
solid,  liquid,  or  gas  present  is  termed  a  phase.  The  state  of 
equilibrium  of  any  such  system  is  fully  defined  when  the  three 
variable  factors  of  temperature,  pressure,  and  concentration  are 
known.  These  are  not,  however,  always  independent  of  each 
other,  since  in  many  systems  when  one  of  them  is  fixed  the 
other  two  must  also  have  fixed  and  invariable  values.  When 
hydrated  sodium  sulphate  is  in  equilibrium  with  water,  for 
example,  only  one  of  these  factors  can  be  independently  varied, 
since  a  change  in  one  of  them  brings  with  it  a  corresponding 
change  in  the  others,  arid  a  new  condition  of  equilibrium. 
Thus  a  change  of  temperature  necessitates  a  change  in  the 
concentration  and  vapour  pressure  of  the  saturated  solution. 
Such  a  system,  in  which  it  is  necessary  to  fix  only  one  of  the 
three  variable  factors  in  order  to  have  a  fully  defined  state  of 
equilibrium,  is  said  to  have  one  degree  of  freedom,  and  other 
systems  exist  which  have  two,  three,  or  no  degrees  of  freedom. 

It  has  been  found  that  the  number  of  degrees  of  freedom 
depends  entirely  on  the  number  of  components  and  phases 
which  are  present,  and  the  general  law  expressing  the  relation 
between  these  was  established  by  Willard  Gibbs  in  1874,  and  is 
known  as  the  phase  rule.  This  states  that,  in  any  system  which 
is  in  equilibrium,  the  number  of  degrees  of  freedom  may  be 
calculated  by  adding  two  to  the  number  of  components  and 
subtracting  the  number  of  phases.  Considering  the  case  of  the 
solubility  of  sodium  sulphate  in  water,  the  components  of  the 
system  are  sodium  sulphate  and  water.  Below  32-5°,  there  are 
three  phases,  solid  hydrated  sodium  sulphate,  Na2SO4,10H2O, 
liquid  solution,  and  water  vapour,  and  this  system',  as  already 
mentioned,  has  one  degree  of  freedom.  At  the  transition  tem- 
perature, when  the  solid  decahydrate  and  the  anhydrous  salt 
co-exist  in  contact  with  the  saturated  solution,  there  are  four 
phases,  viz.,  the  two  solid  phases  just  mentioned,  together  with 
the  liquid  solution  and  the  water  vapour.     At  this  tempera- 
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ture,  therefore,  the  system  has  no  degree  of  freedom,  and  any 
change  in  one  of  the  variable  factors,  for  example,  the  tempera- 
ture, will  lead  to  the  disappearance  of  one  of  the  phases.  Above 
32'5°,  there  are  again  only  three  phases  present,  viz.,  solid 
anhydrous  sodium  sulphate,  its  saturated  solution,  and  water 
vapour,  and  the  system  has  as  before  one  degree  of  freedom. 
The  application  of  the  phase  rule  to  the  study  of  equilibria  can- 
not be  further  pursued  here,  and  reference  must  be  made  to 
works  on  physical  chemistry  in  which  it  is  fully  treated.^ 

66  The  change  of  the  decahydrate  into  the  anhydrous  salt 
does  not  invariably  occur  as  soon  as  the  transition  temperature 
is  passed,  but  may  be  delayed  until  a  somewhat  higher  tempera- 
ture is  attained,  provided  that  the  anhydrous  salt  is  absent ; 
but  if  some  of  this  is  then  introduced,  the  change  commences 
at  once,  and  proceeds  until  the  whole  of  the  decahydrate  has 
been  converted  into  the  anhydrous  salt.  In  a  case  like  this 
the  system  is  said  to  be  metastaUc,  i.e.,  the  system  is  in  itself 
stable  and  no  spontaneous  change  occurs,  but  as  soon  as  a 
particular  new  phase  is  introduced  the  system  at  once  becomes 
unstable  and  undergoes  change  with  the  production  of  this 
new  phase.  When,  on  the  other  hand,  a  system  undergoes 
spontaneous  change  it  is  said  to  be  labile  or  unslaile.^  A  system 
can  often  exist  in  metastable  equilibrium  through  a  consider- 
able range  of  temperature,  and  in  fact  some  hydrates  have  been 
prepared  which  are  known  only  in  the  metastable  condition. 

Sodium  sulphate  affords  instances  of  all  these  phenomena. 
The  solubility  curve  of  the  anhydrous  salt  (Fig.  9,  curve  B) 
has  been  traced  below  the  transition  point  to  18°,  and  that 
of  the  decahydrate  (curve  A)  above  it  to  34°.  The  dotted 
portions  of  the  curves  represent  the  solubility  at  temperatures 
beyond  the  transition  point,  in  regions  in  which  the  systems 
are  therefore  in  metastable  equilibrium.  These  dotted  curves 
are  continuous  with  the  curves  obtained  for  the  stable  systems, 
and  this  circumstance  shows  clearly  that  the  abnormality  of  the 
solubility  curve  of  sodium  sulphate  is  due  to  the  fact  that  it  is 
made  up  of  portions  of  the  two  curves  A  and  B,  representing 
the  solubilities  of  the  two  distinct  substances  Na.,SO„10H2O 
and  Na,SO,.     A  third  hydrate,  Na,S0„7H,0,  has  also  been 

>  Bancroft,  The  Phase  Bnh  (Leipzig  and  Ithaca,  1897) ;  Findlay,  n.  PA«^e 
Rnle  (Longmans,  1904);  Roozeboon,,  Die  heteroocneuMjemckte  torn 
Standpunkte  der  Pha.tnhhrt  (Vieweg,  Braunschweig,  1901). 


'  Ostwald,  Ztit.  physihd.  Chem.,  1897,  22,  302. 
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prepared  by  allowing  a  solution  of  sodium  sulphate  to 
crystallise  at  17',  and  its  solubility  is  shown  by  the  curve  G, 
which  cuts  the  curve  B  at  24'2°.  This  substance  is  more 
soluble  than  the  decahydrate  throughout  the  whole  course  of 
the  curve,  and  hence  if  a  crystal  of  the  decahydrate  were 
introduced  at  any  temperature  into  a  solution  saturated  with 
the  heptahydrate,  NajSO.lOHjO  would  crystallise  out  until  the 
solution  had  the  composition  represented  by  the  point  on  the 
curve  A  corresponding  with  the  temperature  at  which  the 
addition  had  been  made.  In  other  words,  the  heptahydrate 
is  metastable  throughout  with  respect  to  the  decahydrate. 
This  case  is  a  typical  one,  for  it  is  the  rule  that  the  solubility 


50 

\ 

40 

\b 

\ 

g30 

3 



--■ 

-"' 

A 

. ■ 

^ 

■— 

\ 

,, 

oS20 

1 

*~-   10 

^ 

_, 

-- 

■■'.' 

^ 

" 

^ 

--• 

'* 

/ 

/' 

.-■ 

*' 

/ 

^- 

r'' 

c 

0 

/ 

,- 

.-■ 

— 

"\ 

~. 

,.- 

' 

-10 

_ 

15         20         25         30         35         40 

g.  Na^SO^  in  100 g.  H^O 
Fig.  9. 


50 


of  a  metastable  hydrate  is  greater  than  that  of  the  hydrate 
which  is  stable  at  the  same  temperature. 

67  Somewhat  different  conditions  prevail  when  the  hydrated 
salt  melts  completely  at  a  definite  temperature,  forming  a 
single  liquid  phase  of  the  same  composition  as  the  hydrate.  In 
this  case  the  hydrate  behaves  like  an  individual  compound,  and 
its  melting  point  is  accordingly  lowered  by  the  addition  of  any 
other  soluble  substance.  It  follows  from  this  that  the  addition 
of  either  water  or  the  anhydrous  salt  lowers  the  temperature  at 
which  the  solid  hydrate  separates  out,  so  that  the  melting  point 
of  the  hydrate  represents  a  point  of  maximum  solubility.  This 
is  well  shown  in  the  case  of  ferric  chloride,^  Fe^Cle,  which  forms 
'  Roozeboom,  Zdf.  phydkal.  Chem.  1892,  10,  477.  The  formula  Fe^Cls  is 
chosen  to  obtain  simple  formultc  for  the  hydrates. 
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hydrates  with  12,  7,  5,  and  4  molecules  of  water,  each  of  which 
exhibits  this  behaviour.  The  complete  equilibrium  curve  for 
the  hydrate  with  I2H2O  and  its  saturated  solution  is  shown  in 
Fig.  10,  in  which  the  solubility  is  expressed  in  molecules  of  FcgClg 
per  hundred  molecules  of  water.  Curve  A,  extending  from  0° 
to  —  55°,  represents  the  temperatures  of  separation  of  ice  from 
solutions  of  increasing  concentration ;  the  lowest  temperature  at 
which  the  hydrate  with  I2H2O  is  formed  is  —  55°,  and  the  solubility 
rapidly  rises  (curve  £)  until  37°  is  reached,  at  which  temperature 


_         2        4         6         8         10        12 
Mols.  Fe^Clgper  100  Mol.  H^O 

Fig.  10. 

the  hydrate  melts.  From  this  point,  the  temperature  of  equi- 
librium between  the  hydrate  and  the  solution  falls  with 
increase  of  concentration,  and  this  reflexed  portion  of  the  curve 
has  been  traced  back  as  far  as  8°.  Belo^v  27-4°,  the  equilibrium 
becomes  metastable,  since  at  this  point  the  curve  intersects  the 
solubility  curve  (C)  of  the  hydrate  Fe2Cl8,7H20.  Similar  be- 
haviour is  shown  also  by  the  other  hydrates  of  ferric  chloride, 
by  the  hexahydrate  of  calcium  chloride,  and  by  many  other  analo- 
gous substances. 
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It  is  instructive  to  compare  the  solubility-temperature 
curves  for  salts  which  form  well-defined  hydrates  with  the 
freezing-point  curves  of  binary  alloys  (see  p.  79).  The  results 
obtained  in  both  cases  are  to  be  interpreted  in  a  similar  manner. 

68  Double  Salts. — The  conditions  of  formation  and  stability 
of  double  salts,  and  their  behaviour  towards  solvents,  form 
a  subject  of  great  importance,  the  development  of  which  is  due 
mainly  to  van't  Hoff  and  Koozeboom.  Only  their  main 
conclusions  can  be  mentioned  here.  The  formation  of  a 
double  salt  from  two  salts  dissolved  in  water  depends  in  the 
first  place  on  the  temperature  of  the  system.  In  some  cases 
the  double  salt  can  exist  only  below  a  certain  temperature 
(2KCl,CuCl2,2H20),  in  others  it  is  formed  only  above  a  certain 
temperature  (Na2S04,MgSO^,4H20),  but  in  each  case  there  is 
a  transition  temperature  at  which  the  double  salt  and  its 
component  single  salts  can  exist  together  in  the  solid  state  in 
equilibrium  with  a  saturated  solution. 

When  equivalent  amounts  of  hydrated  sodium  sulphate, 
NagSO^jlOHgO,  and  hydrated  magnesium  sulphate,  MgSO^, 
THjO,  are  treated  with  a  small  quantity  of  water  at  15°,  a 
solution  is  obtained  which  is  saturated  with  both  sub- 
stances and  is  in  equilibrium  with  the  solid  salts.  At  22°, 
which  is  the  transition  point  for  a  mixture  of  these  salts 
and  astracanite,  Na2S04,MgSO^,4H20,  a  certain  amount  of 
this  double  salt  is  formed,  and  there  is  then  equilibrium 
between  tho  double  salt,  the  two  single  salts,  and  the  saturated 
solution.  As  the  temperature  rises  above  22°,  the  single  salts 
gradually  dissolve  and  the  less  soluble  astracanite  separates  out, 
and  if  the  molecular  solubility  of  the  two  single  salts  were 
equal,  the  whole  of  the  solid  would  thus  be  converted  at  once 
into  the  double  salt.  Owing,  however,  to  the  greater  solubility 
of  magnesium  sulphate,  some  sodium  sulphate  is  at  first  left 
undissolved,  whilst  the  solution  contains  more  molecules  of 
magnesium  sulphate  than  of  sodium  sulphate.  Thus  at  23°, 
the  solution  contains  about  1-4  mols.  of  magnesium  sulphate  to 
each  molecule  of  sodium  sulphate,  whilst  the  solid  present  is  a 
mixture  of  sodium  sulphate  with  astracanite.  This  inequality 
finally  disappears  at  25°,  and  at  this  temperature  solid  astracanite 
alone  is  left  in  contact  with  a  saturated  solution  containing  the 
sulphates  of  sodium  and  magnesium  in  the  same  proportion  as 
the  solid  salt.  The  range  of  temperature  between  22°  and  25° 
IS  termed  the  transition  interval,  and  it  is  only  at  temperatures 
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beyond  the  transition  interval  that  a  double  salt  is  not 
decomposed  by  water.  Below  22°,  then,  astracanite,  when 
brought  into  contact  with  water,  is  completely  decomposed  into 
its  constituent  singk  salts ;  at  22°,  it  exists  in  equilibrium  with 
both  of  them  ;  from  22°  to  25°,  it  is  decomposed  with  separation 
of  sodium  sulphate,  and  above  25°  it  is  not  decomposed  by 
water  at  all. 

Potassium  cupric  chloride,  2KCl,CuCl2,2H20,  in  contrast 
with  astracanite,  is  stable  in  contact  with  its  saturated  solution 
at  ordinary  temperatures,  but  decomposes  at  92°,  the  transition 
point,  into  potassium  chloride  and  a  new  double  salt,  KCl,  CuCl  . 
Carnallite,  KCl,MgCl2,6H20,  is  completely  decomposed  by 
water  at  167'8°  into  the  chlorides  of  magnesium  and  potassium, 
and  is  partially  decomposed  at  all  temperatures  below  this  with 
separation  of  potassium  chloride,  so  that  a  pure  saturated 
solution  of  carnallite  in  water  cannot  be  prepared.  Potash 
alum,  on  the  other  hand,  is  stable  in  presence  of  its  solution 
at  all  temperatures  up  to  92'5°. 

When  the  salts  present  are  capable  of  undergoing  chemical 
change,  such  as  double  decomposition,  and  when  more  than  two 
single  salts  are  present,  the  conditions  of  equilibrium  become 
much  more  involved.  Many  extremely  complicated  cases  have 
been  examined  by  van't  Hoff  in  a  series  of  researches  on  the 
formation  of  the  Stassfurt  minerals,  for  an  account  of  which 
the  original  papers  must  be  consulted.^ 

69  Metallic  salts  are,  as  a  rule,  insoluble  or  very  sparingly 
soluble  in  organic  liquids.  Some  liquids,  however,  such  as 
alcohol,  acetic  acid,  ether,  acetone,  pyridine,  benzonitrile,  &c., 
dissolve  certain  salts  with  some  freedom.  Thus  calcium  chloride, 
calcium  nitrate,  potassium  iodide,  and  many  others  are  soluble 
in  alcohol,  whilst  mercuric  chloride  and  zinc  chloride  are  soluble 
both  in  alcohol  and  ether,  and  the  solubility  of  cadmium  bromide 
in  a  mixture  of  these  two  solvents  has  been  made  use  of  in  the 
wet  processes  of  photography.  Salts  which  are  insoluble  in 
alcohol  are  precipitated  in  the  form  of  minute  crystals  when 
alcohol  is  added  to  their  aqueous  solutions,  and  this  substance 
is  therefore  often  used  in  quantitative  analysis,  having  been  first 
proposed  for  this  purpose  by  Bergman  in  1778. 

'  van't  Hoff,  Bildung  mid  Spaltung  von  Doppehalzen.  Zur  Bildung  der 
ozeanischen  Salzahlagerungen  (Braunschweig,  1905).  See  also  E.  F.  Arm- 
strong, British  Assoc.  Reports,  1901,  262;  Findlay,  The  Phase  Rule, 
p.  283. 
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70  Supersaturated  Solutions. — When  a  solution  of  a  salt  free 
from  any  undissolved  crystals  is  allowed  to  cool  quietly  in 
closed  vessels,  it  is  frequently  observed  that  no  crystals 
separate  out,  although  the  quantity  of  salt  contained  in  the 
liquid  is  greater  than  that  which  can  exist  in  solution  at  that 
temperature  in  contact  with  the  solid  salt.  Such  solutions  are 
termed  supersaturated.  If,  however,  a  crystal  of  the  salt  is  added, 
a  rapid  crystallisation  occurs,  and  the  clear  solution  is  then  found 
to  contain  the  normal  amount  of  dissolved  salt.  Sodium  acetate 
shows  the  phenomenon  of  supersaturation  in  a  striking  manner. 
For  this  purpose  the  crystallised  salt  is  gently  warmed  in  a  flask 
with  one  quarter  of  its  weight  of  water  until  all  is  dissolved ; 
the  liquid,  if  not  perfectly  free  from  suspended  matter,  is 
then  filtered  into  a  flask,  the  neck  of  which  is  then  closed 
with  a  plug  of  cotton-wool.  If  the  smallest  crystal  of  sodium 
acetate  is  thrown  into  the  liquid  when  cold,  crystallisation  at 
once  commences  round  the  small  particle,  and  in  a  few  seconds 
the  whole  has  assumed  the  solid  form,  the  change  being 
accompanied  by  a  considerable  rise  of  temperature. 

When  a  hot  saturated  solution  of  a  salt  is  allowed  to  cool  in 
the  absence  of  the  solid  salt,  the  supersaturated  solution  which 
is  produced  is  at  first  metastable  (p.  115),  and  during  this 
period  crystallisation  can  be  brought  about  only  by  the  intro- 
duction of  a  crystal  of  the  solid  salt,  or  of  one  isomorphous  with 
it.  As  soon  as  a  certain  temperature  is  reached,  however,  the 
solution  becomes  unstable  or  labile,  and  crystallisation  then 
occurs  spontaneously,  its  first  appearance  being  much  aided  by 
stirring  and  friction.  At  each  temperature,  therefore,  the 
solution  remains  metastable  only  up  to  a  certain  definite  limit 
of  concentration,  beyond  which  it  becomes  labile.^  A  curve  of 
"  supersolubility  "  can  thus  be  constructed  for  each  salt,  and  it  is 
found  that  such  a  curve  is,  as  a  rule,  approximately  parallel  to 
the  solubility  curve.  The  exact  temperature  at  which  the 
change  from  the  metastable  to  the  labile  state  occurs  is  best 
determined  by  observing  the  sudden  change  in  the  refractive 
index  of  the  well-stirred  solution  which  accompanies  the  separa- 
tion of  crystals.  Thus  a  solution  of  sodium  nitrate  containing 
48-8  per  cent,  of  the  salt  becomes  labile  at  20° ;  spontaneous 
crystallisation  then  occurs,  and  the  concentration  of  the  solution 
falls  to  that  of  a  saturated  solution  at  this  temperature, 
which  contains  45-8  per  cent,  of  the  salt.  A  solution  of  the 
1  Miers  and  Isaac,  Jonrn.  Chem.  Soc,  1906,  89,  413. 
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same   salt   containing   51 '2  per   cent,    of   salt   becomes  labile 
at  30°. 

The  indifference  of  a  supersaturated  solution  to  crystals  of 
non-isomorphous  salts  can  readily  be  shown  experimentally.     A 
supersaturated  solution  of  sodium  acetate,  prepared  as  described 
above,  is  poured  gently  on  to  the  surface  of  a  supersaturated 
solution  of  sodium  thiosulphate,  made  by  simply  melting  the 
crystals  of  the  hydrated  salt   in   a   long   test-tube.     If,  after 
cooling,   a   crystal   of  sodium   thiosulphate    is    dropped    into 
the   tube,   it   falls   through   the   lighter    solution    of    sodium 
acetate   without   inducing   crystallisation,  but  causes  the  im- 
mediate  formation  of  crystals  as   soon  as  it  comes  into  the 
heavier   solution   of   sodium    thiosulphate.     A   supersaturated 
solution  of  magnesium  sulphate  may  be  made  to  crystallise  by 
adding  either  magnesium   sulphate  itself,  or  any  one  of  the 
isomorphous  sulphates  of  iron,  zinc,  nickel,  &c.,  whilst  sodium 
sulphate,  sodium  chloride,  &c.,  have  no  action  upon  it.     Super- 
saturated solutions  of  sodium  sulphate  crystallise  very  readily 
when  exposed  to  the  air,  and  it  has  been  shown  that  this  is  due 
to  the  presence  of  minute  crystals  of  this  salt  in  the  atmosphere. 
The  amount  of  a  solid  salt  required  to  induce  crystallisation 
in   a  metastable   solution  is   extremely  small,    amounting   to 
about  one  ten-millionth  of  a  milligram  (10""  gram)  in  the  case 
of  sodium   chlorate.^     Whether  this  minimum  amount  varies 
with  the  degree  of  supersaturation  of  the  solution  has  not  yet 
been  ascertained. 

Fusibility  and  Volatility  of  Salts. 

71  Most  of  the  metallic  salts  melt  at  temperatures  beyond  the 
range  of  the  ordinary  mercurial  thermometer,  but  many  melting 
points  have  been  determined  with  accuracy  by  means  of  resistance 
or  thermo-electric  pyrometers.  As  already  mentioned  (p.  64), 
Carnelley  has  shown  that,  in  the  case  of  the  salts  which  the 
metals  form  with  the  same  acid,  the  melting  point  is  a  periodic 
function  of  the  atomic  weight  of  the  metal  contained  in  the  salt, 
just  as  is  the  case  with  the  metals  themselves. 

The  boiling  point  has  been  determined  only  in  the  case  of  a 
few  halides,  but  the  comparative  volatility  of  certam 
salts   was    approximately    ascertained    by   Bunsen  ^    by    the 

1  Ostwald,  Zeit.  physihal.  Chem.,  1897,  22,  '289. 

2  PhU.  Mar/.,  1866  (4),  32,  85. 


122  THE  METALS 


following  method.  A  small  bead  of  each  salt  weighing  one  centi- 
gram is  placed  in  the  zone  of  fusion  of  a  Bunsen  flame  having 
a  temperature  of  about  1300",  and  the  time  ascertained  which 
the  bead  takes  to  volatilise.  The  following  numbers  give  the 
relative  volatility  for  certain  salts,  that  of  sodium  chloride  being 
taken  as  the  standard  : 


NaCl 

KCl 

KBr 

KI 

K^SO, 

K,C03 

Seconds. 

84-2 

63-4 

41-0 

29-8 

665-2 

2720 

Volatility. 

1-000 

1-288 

2-05.5 

2-828 

0-127 

0-310 

It  has  been  shown  by  Bailey  ^  that  certain  salts  are  slightly 
volatile  when  their  aqueous  solutions  are  evaporated,  even 
when  all  precautions  are  taken  to  prevent  their  being  carried 
over  mechanically.  This  phenomenon  has  been  more  closely 
examined  in  the  case  of  the  chlorides  of  the  alkali  metals, 
and  it  has  been  shown  that  the  volatility  increases  with  the 
molecular  weight  of  the  chloride  and  the  concentration  of  the 
solution. 

Generic  Properties  of  Salts. 

72  The  generic  properties  of  the  metallic  salts  have  in  most 
cases  been  already  given  in  Vol.  I.,  under  the  respective  acids. 
The  most  important  points,  however,  are  shortly  recapitulated 
here. 

Fluorides. — In  their  general  properties  the  fluorides  closely 
resemble  the  chlorides,  but  are,  as  a  rule,  much  less  soluble  in 
water.  Potassium,  ammonium,  silver,  and  stannous  fluoride 
dissolve  readily,  the  sodium  and  lithium  salts  less  easily,  those 
of  the  alkaline  earth  metals  very  sparingly,  whilst  the  re- 
mainder are  almost  insoluble.  The  alkali  fluorides  unite  with 
hydrogen  fluoride,  and  with  the  fluorides  of  the  more  electro- 
negative elements,  to  form  double  fluorides,  which  usually 
crystallise  well.     Thus  we  have : 

Potassium  hydrofluoride,  KF,HF  =  KHFg 

Potassium  borofluoride,  KF.BFj  =  KBF^ 

Potassium  silicofluoride,  2KF,SiF^  =  KgSiFg 

Potassium  tantalofluoride,  2KF,TaF5  =  K/faF,. 

Chlorides.— The  greater  number  of  the  chlorides  are  solids, 
but  a  few,  such   as  stannic   chloride,  SnCl^,   titanic   chloride, 
TiCl^,   and   antimony   pentachloride,    SbClg,   are   liquids,  and 
1  Jottrn.  Ohem.  Soc,  1894,  65,  445. 
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these,  as  well  as  mercuric  chloride,  HgClg,  and  antimony 
trichloride,  SbClg,  may  be  readily  volatilised.  The  majority 
melt  at  a  fairly  high  temperature,  and  can  be  volatilised  only 
at  a  red  heat  or  higher  temperature.  A  few,  such  as  gold 
chloride,'  AuClg,  and  platinum  chloride,  PtCl^,  decompose  into 
their  elements  when  strongly  heated.  With  the  following  ex- 
ceptions, they  dissolve  readily  in  water:  aureus  chloride,  AuCl, 
silver  chloride,  AgOl,  mercurous  chloride,  HggClj,  cuprous 
chloride,  Cu^Clj,  platinous  chloride,  PtClg,  palladious  chloride, 
PdClj,  thallous  chloride,  TlCl,  and  lead  chloride,  PbClj;  the  last 
two  dissolve  to  a  slight  extent  in  cold,  and  readily  in  hot  water. 
In  some  cases  the  chlorides  are  chemically  acted  on  by  water, 
giving  rise  to  basic  compounds;  thus,  the  trichlorides  of  bismuth 
and  antimony  yield  insoluble  oxychlorides  : 

BiCls  +  H2O  =  BiOCl  +  2HC1. 

Others,  such  as  titanium  chloride,  are  completely  decomposed 
into  hydrochloric  acid  and  a  hydroxide  of  the  metal. 

Many  double  chlorides  are  also  known,  similar  to  the  double 
fluorides,  but  the  tendency  to  the  formation  of  the  former  is 
not  so  strong.  The  most  characteristic  are  the  platinichlorides, 
such  as  potassium  and  ammonium  platinichlorides,  KaPtClg  and 
(NHJ^PtCle,   which    may  be   regarded  as   salts    of    the    acid 

HgPtCle. 
Bromides   and   Iodides    closely  resemble   the  corresponding 

chlorides. 

Cyanides. — These  salts  are  classed  with  the  halides,  whjch  they 
closely  resemble  in  properties.  The  cyanides  of  the  alkali  and 
alkaline  earth  metals  and  mercury  are  soluble  in  water ;  the 
remainder  are  insoluble,  but  dissolve  in  a  solution  of  potassium 
cyanide,  forming  double  cyanides. 

Some  of  these  double  cyanides  are  properly  described  as 
complex  salts,  no  longer  giving  the  reactions  of  the  character- 
istic metal  (other  than  potassium)  which  is  present.  Thus, 
potassium  ferrocyanide  and  ferricyanide  in  neutral  or  acid 
solution  do  not  give  the  reactions  which  are  typical  of  ordinary 
ferrous  and  ferric  salts.  According  to  the  electrolytic  dis- 
sociation theory,  the  iron  in  the  ferro-  and  ferri-cyanides  is  part 
of  a  complex  negative  ion,  the  reactions  of  which  are  quite 
different  from  those  of  the  positive  iron  ion. 

The  complex  formation  is  less  stable  in  the  case  of  potassium 
silver  cyanide,  KAgCCN)^,  obtained  by  the  action  of  potassium 
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cyanide  on  silver  cyanide.     In  aqueous  solution  this  substance 

appears  to  be  dissociated  mainly  into  the  ions  K  and  Ag(CN)2, 

for  when  the  solution  is  electrolysed  the  silver  migrates  towards 

the  anode  as  part  of  the  negative  ion.     A  solution  of  potassium 

silver  cyanide  gives  only  a  few  of  the  ordinary  reactions   of 

silver  salts:   that  it  does  so  at   all   is   probably  due   to   the 

+ 
presence  of  a  small  quantity  of  Ag  ion,  arising  from  the  slight 

dissociation  of  the  Ag(CN)2  ion. 

Differences  in  the  stability  of  double  cyanides  are  utilised  in 
the  qualitative  separation  of  copper  and  cadmium  on  the  one 
hand,  and  of  nickel  and  cobalt  on  the  other. 

Hypochlorites. — The  salts  of  hypochlorous  acid  are  almost 
unknown  in  the  free  state,  as  they  are  generally  obtained 
together  with  chlorides  by  the  action  of  chlorine  on  cold  solu- 
tions of  the  hydroxides  of  the  metals,  and  cannot  be  isolated 
from  the  solution. 

Chlorates.- — The  chlorates  are  all  soluble  in  water,  that  of 
potassium  being  one  of  the  least  soluble,  and  they  all  decompose 
on  heating,  giving  off  oxygen  and  leaving  the  chloride. 

Perchloi'ates. — These  salts  are  also,  without  exception,  soluble 
in  water,  the  least  soluble  being  the  potassium  salt;  like  the 
salts  of  the  other  oxy-acids  of  chlorine,  they  are  completely 
decomposed  by  heat  into  oxygen  and  the  chloride  of  the 
metal. 

lodates  and  Periodates. — Several  series  of  both  iodates  and 
periodates  are  known,  which  have  already  been  described 
(Vol.  I.;  pp.  369,  371). 

Sulphides. — The  compounds  of  the  metals  with  sulphur  cor- 
respond in  general  with  the  oxides,  although  there  are  cases  in 
which  no  sulphide  is  known  corresponding  to  a  particular  oxide, 
and  vice  versa.  The  sulphides  and  hydrosulphides  of  the  alkali 
metals  and  the  hydrosulphides  of  metals  of  the  alkaline  earths 
are  soluble  in  water;  the  solutions  when  allowed  to  remain  in 
contact  with  free  sulphur  are  converted  into  polysulphides,  and 
are  oxidised  by  the  oxygen  of  the  air  to  sulphites,  thiosulphates, 
and  sulphates.  The  remaining  sulphides  are  almost  all  insoluble 
in  water,  some  of  them  being  dissolved  by  dilute  acids  with 
evolution  of  sulphuretted  hydrogen,  whilst  others  undergo  no 
change  under  these  conditions.  The  different  solubilities  of  the 
sulphides  in  water  and  acids  are  utilised  in  the  qualitative  and 
quantitative  separation  of  the  metals. 
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The  sulphides  of  the  more  electro- negative  metals  dissolve  in 
solutions  of  the  alkaline  sulphides,  forming  sulpho-salts,  just  as 
the  corresponding  oxides  unite  together  to  form  oxy-salts.  Thus 
potassium  oxide  combines  with  arsenic  oxide  to  form  potassium 
arsenate,  and  potassium  sulphide  combines  Avith  arsenic  sulphide 
to  form  potassium  thioarsenate  : 

SK^O  +  AS2O5  =  2K3ASO, 
3KS  +  AS2S5   =  2K3AsS^. 

Subjoined  is  a  list  of  some  of  the  analogous  oxy-salts  and 
sulpho-salts  which  have  been  prepared,  in  the  formulae  of  which 
M  represents  an  atom  of  a  monad  metal. 

Oxy-salts  Sulpho-salts 

Carbonates,  M^COg  Thiocarbonates,  M^CSg 

Pyrophosphates,  M^Pfi^  Pyrothiophosphates,  M^PjSy 

Metarsenates,  MAsO.^,  Metathioarsenates,  MAsSg 

Orthoarsenates,  M^AsO^  Orthothioarsenates,  M„AsS^ 

Metastannates,  MgSnOg  Metathiostannates,  MjSnSg 

Orthostannates,  M^SnO^  Orthothiostannates,  M^SnS^. 

Similar  salts  are  also  known  containing  selenium  and  tellurium 
in  place  of  sulphur. 

^M/pAi^es.— Sulphurous  acid,  being  a  dibasic  acid,  forms  two 
series  of  salts,  viz.,  normal  and  acid  sulphites,  such  as  Na^SOg 
and  NaHSOg.  Those  of  the  alkali  metals  are  soluble  in  water, 
bat  the  remainder  are  for  the  most  part  sparingly  soluble  or 
insoluble,  although  they  dissolve  in  a  solution  of  sulphurous 
acid.  They  are  fairly  stable  in  the  dry  state,  but  gradually 
oxidise  in  presence  of  moisture,  forming  sulphates. 

In  addition  to  these,  a  series  of  sulphites  known  as  the 
vietabisulphites  or  disulphites  has  been  prepared,  the  con- 
stitution of  which  is  probably  represented  by  the  general 
formula : 

M 

so/ 

so/ 

Sulphates.— With  the  exception  of  those  of  barium,  strontium 
and  lead,  which  are  almost  insoluble  in  water,  and  those  o 
calcium,  silver,  and  mercury,  which  are  spanngly  soluble  all 
the  sulphates  dissolve  readily;  on  evaporation,  the  solutions 
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yield  well-developed  crystals,  usually  containing  water  of 
crystallisation.  The  metals  of  the  alkalis  form  normal  and  acid 
sulphates,  the  metals  of  the  alkaline  earths  and  magnesium 
yield  only  normal  sulphates,  whilst  many  other  metals  form 
soluble  normal  salts,  as  well  as  more  or  less  insoluble  basic 
sulphates.  Many  sulphates  possess  the  property  of  forming 
crystallisable  double  salts.  This  is  especially  the  case  with  the 
sulphates  of  the  isomorphous  metals  of  the  magnesium  group, 
which  yield  compounds  with  the  sulphates  of  the  alkali  metals 
having  the  general  formula  M"S04,M'2S04,6H20,  for  instance, 
schonite,  MgSO^,K2SO^,6H20. 

Another  important  group  of  the  double  sulphates  is  that  of  the 
ahms,\vhich  have  the  general  formula  M"'2(SOj3,M'2SO^,24H20 ; 
for  example : — 

Al2(SO,)3,K2SO„24H20,  Fe2(SOj3,(NHj2SO„24H20, 

Cr2(SOJ„K2SO„24H20,  Al,(SOj3,Na2SO„24H20," 

Al2(SOj3,Ag2SO„24H20,  In2(SO,)3,(NH,)2SO„24H20. 

Nitrides.  Many  of  the  metals  such  as  magnesium,  calcium, 
vanadium,  titanium,  and  lithium,  unite  with  nitrogen  when 
strongly  heated  in  the  gas,  forming  stable  nitrides,  but  in  other 
cases  these  compounds  can  be  obtained  only  indirectly  by  the 
action  of  ammonia  on  the  heated  oxides  or  chlorides.  They  are 
usually  dull  brown  or  black  powders,  the  composition  of  which 
has  in  many  cases  not  been  accurately  determined,  and  a 
number  of  them  are  undoubtedly  mixtures. 

The  salts  of  azoimide  (Vol.  I.,  p.  517)  form  a  special  class 

of  nitrides  which  contain  the  group  .Nc;    11  ;  these  are  all  ex- 

\n 

tremely  explosive  substances. 

Nitrites.— These  salts  are  for  the  most  part  soluble  in  water, 
and  are  decomposed  when  strongly  heated  into  oxides  of 
nitrogen  and  the  oxide  of  the  metal.  Dilute  mineral  acids 
decompose  nitrites,  yielding  nitric  oxide. 

Nitrates.— With  the  exception  of  one  or  two  basic  nitrates, 
such  as  that  of  bismuth,  all  the  nitrates  dissolve  in  water,  and 
usually  crystallise  well.  They  melt  at  low  temperatures,  and  on 
further  heating  those  of  the  alkali  and  alkaline  earth  metals 
are  converted,  first  into  nitrites  with  evolution  of  oxygen,  and 
then  into  oxides  of  nitrogen  and  the  oxide  of  the  metal ;  with 
the   nitrates  of  the   other   metals   the  intermediate  formation 
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of  nitrite  is  not  usually  observed,  and  in  cases  where  the 
oxide  is  unstable  at  high  temperatures  the  metal  itself  remains 
as  the  fiaal  product.  Owing  to  the  ease  with  which  they  lose 
oxygen,  the  nitrates  are  frequently  employed  as  oxidising 
agents. 

Phosphides. — Most  of  the  metals  combine  with  phosphorus  to 
form  phosphides.  Some  of  these,  for  example,  the  phosphides 
of  iron  and  zinc,  are  crystalline,  but  a  large  number  have  been 
obtained  only  as  difficultly  fusible  masses,  which  have  not  as 
yet  been  closely  examined,  and  are  probably  far  from  pure. 
Those  of  the  alkali  and  alkaline  earth  metals  are  decom- 
posed by  water  with  formation  of  gaseous  or  liquid  hydrogen 
phosphide. 

Hypophosphites,  Phosphites,  Phosphates,  Arsenites,  and  Arsen- 
ates.— The  relations  between  the  different  modifications  of  the 
corresponding  acids,  and  the  general  properties  of  their  salts, 
have  already  been  fully  described  (A'^ol.  I.,  pp.  645-668, 
692-700). 

Carbides. — Most  of  the  metals  combine  with  carbon  when 
either  they  or  the  oxides  are  heated  together  with  carbon  to 
a  very  high  temperature  in  an  electric  furnace.  Those  of  the 
alkali  and  alkaline  earth  metals  are  decomposed  by  water  with 
formation  of  the  hydroxide  and  evolution  of  acetylene,  whilst 
that  of  aluminium  yields  methane  in  place  of  acetylene.  Many 
of  the  other  carbides  crystallise  well,  and  of  these  by  far  the 
most  important  are  those  of  iron ;  they  are  always  present 
in  commercial  iron  and  exert  an  immense  influence  on  its 
properties. 

Carbonates. — Most  of  the  metals  form  salts  with  carbonic 
acid,  the  monovalent  alkali  metals  yielding  normal  and  acid 
salts  of  the  general  formula3  MgCOg  and  MHCO3 ;  a  few  metals, 
such  as  aluminium  and  chromium,  do  not  appear  to  form  carbon- 
ates; and  others,  such  as  magnesium,  bismuth,  and  copper, 
yield  basic  carbonates. 

With  the  exception  of  the  carbonates  of  the  alkali  metals 
and  of  thallium,  all  the  carbonates  are  insoluble  in  water,  but 
many  of  them  dissolve  in  water  containing  carbonic  acid, 
probably  owing  to  the  formation  of  an  unstable  acid  carbonate. 
They  are  decomposed  by  heat  with  evolution  of  carbon  dioxide 
and  formation  of  the  oxide  of  the  metal,  unless  this  is  itself 
decomposed  at  the  temperature  employed.  The  teniperaturc 
at  which  the  decomposition  takes  place  varies  considerably: 
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thus,  the  carbonates  of  the  alkali  metals  are  only  slightly 
decomposed  at  a  bright  red  heat,  whilst  those  of  the  alkaline 
earth  metals  are  completely  decomposed  at  this  temperature,  if 
the  carbon  dioxide  is  removed  as  it  is  formed ;  the  other  car- 
bonates decompose  for  the  most  part  at  a  lower  temperature. 

Borates  and  Silicates.— These  salts  have    already  been  dis- 
cussed (Vol.  I.,  pp.  728-730 ;  917-920). 


CHEMICAL  CHANGE  AND  THE   LAW  OF  MASS 

ACTION. 

73  Reversible  or  Balanced  Reactions. — The  older  chemists 
thought  that  substances  combined  with  one  another  only  when 
they  possessed  a  common  principle,  and  hence  they  gave  the 
name  of  "  affinity  "  {affinis,  related)  to  the  particular  property  in 
virtue  of  which  substances  unite.  It  was  afterwards  seen  that 
substances  which  have  nothing  in  common  nevertheless  react 
with  one  another  chemically,  and  this  was  ascribed  to  a  mutual 
attraction  between  the  particles  of  the  substances  (Newton). 
It  was  thought,  moreover,  that  this  attraction  was  elective  in  its 
character,  so  that  when  the  particles  of  three  substances  were 
all  brought  together,  those  two  would  combine  between  which 
there  was  the  strongest  attraction,  to  the  exclusion  of  the  third. 
Thus,  if  a  substance  A,  capable  of  uniting  with  C,  were  presented 
to  a  compound  BC,  made  up  of  two  substances  united  together, 
no  change  would  occur  if  the  attraction  of  C  for  B  were  stronger 
than  that  of  C  for  A;  whilst,  if  the  opposite  were  the  case,  C 
would  unite  with  A,  and  leave  B  in  the  free  state.  This  view 
was  supported  especially  by  Geoffroy  (1718)  and  Bergman 
(1775),  who  drew  up  tables  of  affinity  or  attraction,  showing  the 
order  of  strength  of  the  affinities  of  the  various  bases,  metals, 
&c.,  for  the  acids  and  other  substances  with  which  they  were 
capable  of  combining.  The  true  state  of  affairs  was,  however, 
first  recognised  by  Berthollet,  who  demonstrated  by  a  series  of 
experiments  that  the  course  of  a  reaction  does  not  depend  solely 
on  the  affinities  of  the  substances  concerned,  but  also  on  the 
relative  quantities  of  them  which  are  present.  Thus,  according 
to  the  view  held  by  Berthollet,  it  follows  that  "  in  opposing  the 
body  A  to  the  combination  BC,  the  combination  AC  can  never 
take  place ;  but  that  the  body  C  will  be  divided  between  the 
bodies  A  and  B  proportionally  to  the  affinity  and  the  quantity 
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of  each."  ^  These  views  were  afterwards  developed  by  Berthollefc 
in  his  celebrated  Essai  de  Statique  Chimiqiie. 

The  further  progress  of  investigation  in  this  department  of 
chemistry  ^  has  confirmed  the  opinions  expressed  by  Berthollet. 
When  careful  experiments  are  made  it  is  frequently  found  that 
a  reaction  does  not  proceed  until  one  or  other  of  the  substances 
concerned  has  entirely  disappeared,  bat  that  a  certain  fraction 
of  the  original  substances  remains  unaltered.  In  those  cases 
where  a  complete  reaction  appears  to  occur,  equilibrium  is 
reached  only  when  an  exceedingly  small  proportion  of  the  sub- 
stances originally  concerned  is  left  unchanged. 

Thus,  when  calcium  carbonate  is  heated  in  a  closed  vessel  it 
evolves  carbon  dioxide  until  a  certain  pressure  of  this  gas  is 
reached,  after  which  no  further  change  in  composition  occurs 
until  the  conditions  are  in  some  way  altered.  If  the  tempera- 
tui-e  is  raised,  more  carbon  dioxide  is  evolved,  until  another 
definite  pressure,  higher  than  the  previous  one,  is  attained, 
after  which  the  system  again  undergoes  no  further  change  so 
long  as  the  circumstances  remain  unaltered.  It  is,  moreover, 
found  that  to  every  temperature  there  is  a  corresponding 
equilibrium  pressure  of  carbon  dioxide,  which  is  perfectly 
definite  and  constant.  Tbe  increase  of  the  equilibrium  pressure 
with  rising  temperature  is  shown  by  the  following  figures  ^ : — 


Temperature. 

Pressure. 

547°  .    . 

.    .      27 

mm.  of  mercury. 

610    .    . 

.    .       40 

J,                 ,, 

740    . 

.    .     255 

?>                  ' 

810    . 

.    678 

11                 1) 

865    ..    . 

.    .  1333 

,j                 )' 

If,  on  the  other  hand,  the  temperature  is  kept  constant,  but 
the  pressure  of  the  carbon  dioxide  is  lowered  by  pumping  out 
some  of  the  gas,  an  additional  quantity  of  the  calcium  carbonate 
decomposes  until  the  original  pressure  is  again  attained.  In 
order  to  decompose  calcium  carbonate  completely  by  heat  it  is 
therefore  necessary  to  keep  the  pressure  of  the  carbon  dioxide 

1  liesearches  into  the  Law^  of  Chemical  Affinity,  p,  6  (English  Translation, 
London,  1804). 

2  A  fuller  account  of  this  subject  will  be  found  in  Lothar  Meyer,  Modern 
Theories  of  Chemistry;  Nernst,  Theoretical  Chemistry;  Ostwald,  Alt'/enitine 
Chemie,  vol.  ii.  ;  Mellor,  Chemical  Statics  and  Dynamics  (Longmans,  1904). 

'  Le  Chatelier,  Compt.  rend.,  1886,  102,  1243. 
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as  low  as  possible.  This  is  effected  by  heating  the  carbonate  in 
a  current  of  air  freed  from  carbon  dioxide,  or,  more  usually,  in 
the  open  air  ;  in  this  latter  case  the  pressure  of  carbon  dioxide 
is  negligibly  small,  and  hence  in  the  ordinary  form  of  the 
experiment,  e.g.,  the  "  burning  "  of  limestone,  the  decomposition 
is  practically  complete.  The  reactions  on  which  Brin's  process 
for  the  manufacture  of  oxygen  (Vol.  I.,  p.  246)  is  based,  furnish 
another  illustration  of  the  extent  to  which  the  decomposition  of 
a  compound  may  be  influenced  by  the  pressure  of  one  of  the 
products  of  decomposition. 

Many  reactions,  then,  are  not  complete,  but  proceed  only 
until  a  certain  definite  state  of  equilibrium  is  set  up.  This 
state  of  equilibrium  is  quite  analogous  to  what  occurs  in  many 
physical  phenomena.  Thus,  when  water  or  any  liquid  e  vaporates 
in  a  confined  space,  the  evaporation  proceeds  only  until  the 
vapour  of  the  liquid  exerts  a  certain  definite  pressure  on  the 
surface  of  the  liquid  ;  this  equilibrium  pressure  is  constant  for 
any  particular  temperature,  and  increases  rapidly  as  the 
temperature  rises.  When  the  condition  of  equilibrium  has 
been  attained,  the  relative  amounts  of  vapour  and  liquid 
are  unaltered  so  long  as  the  other  conditions  remain  the  same. 
The  maintenance  of  this  state  of  equilibrium  depends  upon  the 
fact  that  the  evaporation  of  the  liquid  is  proceeding  at  exactly 
the  same  rate  as  the  condensation  of  the  vapour,  so  that 
the  actual  proportion  of  vapour  to  liquid  remains  the  same, 
whilst  individual  particles  of  the  liquid  are  continually  escaping 
from  its  surface,  and  as  many  others  returning  to  it  from  the 
vapour  above. 

Precisely  the  same  considerations  hold  with  regard  to  chemical 
equilibrium.  Thus,  recurring  to  the  example  of  calcium  car- 
bonate, v,-e  may  suppose  that  when  equilibrium  is  set  up  at 
any  particular  temperature,  the  calcium  carbonate  is  being 
decomposed  into  lime  and  carbon  dioxide  at  exactly  the  same 
rate  as  these  two  compounds  are  combining  to  form  calcium 
carbonate. 

All  simple  chemical  equilibria  may  be  similarly  regarded  as 
resolvable  into  two  reactions  proceeding  in  opposite  senses  and 
at  equal  rates,  so  that  the  actual  proportions  of  the  substances 
present  undergo  no  change.  Chemical  changes  of  this  kind, 
which  can  proceed  in  either  sense  according  to  the  circum- 
stances of  the  experiment,  and  which  finally  reach  a  definite 
position  of  equilibrium,  are  known  as  reversible  or  balanced 
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reactions,  and  are  often  indicated  symbolically  by  a  special  sign 
placed  between  the  two  parts  of  the  equation : — 

CaCOg  ^  CaO  +  CO^. 

As  already  suggested,  it  is  probable  that  all  chemical  changes 
really  belong  to  the  class  of  reversible  reactions,  although  in  a 
great  many  cases  the  position  of  equilibrium  lies  very  much  at 
one  extreme,  and  the  reversibility  cannot  be  realised  in  practice. 

74  Velocity  of  Reaction. — We  have  conceived  the  equihbrium 
reached  in  a  reversible  reaction  as  a  dynamic  one,  depending 
on  the  equal  and  opposite  effects  of  two  opposing  reactions  ;  it 
is  therefore  of  great  importance  to  ascertain  what  conditions 
determine  the  velocity  of  a  reaction.  The  attainment  of 
equilibrium  takes  time,  although  in  many  cases  the  reaction 
proceeds  so  rapidly  that  this  time  cannot  be  measured ;  thus, 
when  hydrochloric  acid  is  added  to  caustic  soda  solution,  when 
silver  nitrate  is  added  to  solution  of  sodium  chloride,  and  in 
many  similar  instances,  the  reaction  appears  to  be  complete  as 
soon  as  the  substances  have  been  brought  into  contact,  and  no 
measurement  of  the  rate  of  the  reaction  is  possible.  When, 
however,  the  reaction  proceeds  slowly,  such  measurements  can 
be  made,  and  it  is  thus  possible  to  ascertain  the  influence  of 
various  factors  on  the  velocity  of  the  change. 

The  most  important  result  of  the  experiments  which  have 
been  made  on  this  subject  is  the  generalisation  known  as  the 
law  of  mass  action,  which  states  that  the  velocity  of  any  reaction 
is  directly  proper tionaF to  the  concentrations  (or  active  masses) 
of  the  substances  concerned.  This  law  follows  from  the 
investigations  of  Wilhelmy  (1850),  Harcourt  and  Esson  (1866), 
Guldberg  and  Waage  (1867),  van't  Hofif,  and  others. 

The  law  may  be  definitely  formulated  in  the  following  way. 
Let  us  suppose  that  we  are  dealing  with  the  reversible  reaction 
A  +  B  -^  G  -[-  D,  and  that  the  concentrations  of  the  four 
substances  involved  are,  at  the  moment,  j),  q,  f,  and  §' 
respectively.  If  v  is  the  velocity  of  the  forward  reaction,  i.e., 
the  rate  at  which  A  and  B  unite  to  form  C  and  D,  then, 
according  to  the  law  of  mass  action,  v  =  hpg_,  where  /.;  is  the 
so-called  velocity  coefficient,  and  has  a  definite  value  for  a  given 
reaction  at  a  constant  temperature.  Similarly,  if  v  is  the 
velocity  of  the  back  reaction,  i.e.,  the  rate  at  which  G  and  D  are 
uniting  to  form  A  and  B,  we  have  i}' =  lc' .p' q' ,  k'  aXso  being  a 
velocity   coefficient.     The  velocity   of  the  resultant  reaction, 
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which  alone  can  be  measured  by  experiment,  will  then  be 
v  —  v'  =  k.pq  —  k'.p'q.  If  the  reaction  is  one  in  which  the  position 
of  equilibrium  lies  at  the  right  hand  extreme,  i.e.,  if  the  change 
proceeds  until  either  A  or  £  has  practically  disappeared,  then 
the  back  reaction  may  be  neglected,  and  the  velocity  of  the 
reaction  as  a  whole  is  given  by  the  formula :  v  =  k.pq. 

The  experiments  of  Harcourt  and  Esson  ^  may  be  cited  as  an 
instance  of  the  results  obtained  in  studying  the  applicability  of 
the  law  of  mass  action.  They  were  carried  out  by  allowing 
potassium  permanganate  to  act  on  oxalic  acid  dissolved  in 
water  in  presence  of  manganese  sulphate,  which  is  necessary  to 
the  reaction,  and  sulphuric  acid.  The  amounts  of  the  various 
substances  present  could  all  be  varied,  and  the  reaction  was 
very  thoroughly  investigated.  The  amount  of  unaltered 
potassium  permanganate  present  in  the  solution  at  any 
moment  was  determined  by  adding  an  excess  of  potassium 
iodide  solution  and  estimating  the  iodine  liberated. 

The  simplest  case  of  this  reaction  occurs  when  the  oxalic 
acid  is  in  large  excess,  as  in  these  circumstances  the  change 
of  concentration  of  this  substance  may  be  neglected.  It  is  then 
found  that,  under  these  conditions  the  rate  at  which  the 
potassium  permanganate  is  disappearing  at  any  moment  is 
proportional  to  the  amount  still  left  unreduced.  This  may  be 
expressed  more  simply  by  saying  that  the  same  fraction  of  the 
permanganate  still  present  in  the  solution  is  reduced  in  each 
successive  equal  interval  of  time.  In  the  following  table  the 
experimental  figures  obtained  with  a  mixture  of  the  molecular 
composition  2KMnO^  +  14MnS0ji  +  lOSCalip^  are  compared 
with  those  calculated  on  the  assumption  that  the  law  of  mass 
action  holds  for  this  particular  change ;  as  will  be  seen,  the 
agreement  is  excellent : 


Time. 

Amount  of  Permanganate  left  in  the  solution. 

Observed. 

Calculated. 

2 

94-8 

94-8 

5 

87-9 

87-6 

11 

74-9 

74-7 

27 

49'8 

48-9 

35 

391 

39-6 

47 

28-3 

28-8 

68 

17-0 

16-5 

^  Phil.  Trans.,  1866,  156,  193. 
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In  reactions  in  which  the  concentrations  of  two  substances  are 
both  altering  at  the  same  time,  such  as  the  saponification  of 
ethyl  acetate  by  caustic  soda, 

G^Ufi.fifi,  +  NaOH  =   CoH.OH  +  NaC^HgOa, 

the  matter  is  more  complicated,  since  the  rate  of  the  reaction 
at  any  moment  is  now  proportional  to  the  product  of  the  active 
masses  of  the  two  substances  at  that  moment.  Here  again, 
however,  the  observed  numbers  agree  well  with  those  obtained 
by  calculation  from  the  law  of  mass  action.  In  many  cases, 
especially  when  solutions  of  weak  acids  or  bases  are  concerned, 
the  active  mass  is  not  that  of  the  total  substance  present,  only 
that  portion  of  the  substance  which  is  electrolytically  dissoci- 
ated taking  an  active  part  in  the  change.  Thus,  when  an  equi- 
valent amount  of  ammonia,  which  is  dissociated  to  a  much 
smaller  extent  than  caustic  soda,  is  substituted  for  the  latter  in 
the  above  reaction,  the  rate  of  saponification  becomes  much 
slower,  and  is  still  further  diminished  by  the  addition  of  any 
substance,  such  as  an  ammonium  salt,  which  lessens  the  dis- 
sociation of  the  ammonia. 

Rise  of  temperature  has  a  very  marked  effect  on  the  rate  of 
chemical  change,, and,  on  the  average,  the  velocity  of  reaction  is 
trebled  for  a  rise  of  10°  C.  The  very  high  value  of  the  tem- 
perature coefficient  of  reaction  velocity  makes  it  intelligible  that 
substances  which,  at  certain  temperatures,  react  rapidly  and 
reach  a  position  of  equilibrium,  have  yet  no  apparent  action  on 
each  other  at  much  lower  temperatures.  Thus,  a  mixture  of 
hydrogen  and  oxygen,  which  cannot  be  in  true  equilibrium,  can 
be  kept  for  any  length  of  time  at  the  ordinary  temperature 
without  an  appreciable  quantity  of  water  being  produced. 

The  accurate  investigation  of  reaction  velocities  has  been 
of  great  service  in  the  study  of  catalytic  action.  The  value  of 
the  velocity  coefficient  obtained  for  a  catalytically  accelerated 
reaction  is  a  measure  of  the  efficiency  of  the  catalytic  agent. 
Thus,  by  comparing  the  values  obtained  for  the  velocity 
coefficient  in  different  experiments,  one  can  ascertain  how  the 
efficiency  of  a  catalytic  agent  is  affected  by  the  conditions  under 
which  it  works,  and  how  the  efficiency  of  one  catalytic  agent 
compares  with  that  of  another  under  the  same  conditions.^ 

1  For  a  short  account  of  the  study  of  catalysis  on  these  lines,  see  the  article 
on  "  Chemical  Affinity,"  in  Thorpe's  Dictionary  of  Applied  Cliemutry  (1912). 
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75  Chemical  Eqiiilihrmm. — The  velocity  with  which  a 
reversible  reaction  approaches  its  point  of  equilibrium  is,  as 
already  shown  (p.  132),  given  by  the  formula  :— 

V  —  v'  =  Jc.pq  —  h'.f'q'. 

When    equilibrium   is     reached,    v  —  v'  =  o,    and    therefore, 

k.pg  =  h'.p'q', or— ,  =  ^,  where  p,  q,  p',q',  are  now  the  concentra- 
^  ^  k        pq 

tions  of  A,  B,  C,  and  D  respectively  at  the  point  of  equilibrium. 
The  ratio  -^  =  K  is  known  as  the  equilibrium  constant,  and  can 

be  determined  experimentally  by  ascertaining  the  amounts  of 
the  various  substances  w^hich  are  actually  present  when 
equilibrium  is  established. 

Thus,  when  alcohol  is  mixed  with  acetic  acid,  the  following 
reaction  occurs : 

C,H,.OH  +  C,H,02^C,H,O.C,H30  +  H,0. 

If  known  quantities  of  acid  and  alcohol  arc  taken,  the  amount 
of  change  which  has  occurred  during  any  period  can  readily  be 
measured  by  titrating  the  acid  still  present,  and  subtracting 
the  amount  thus  found  from  that  originally  taken.  The 
quantities  of  alcohol,  ethyl  acetate,  and  water  present  can  then 
all  be  calculated  from  this  number  by  means  of  the  equation 
representing  the  reaction.  If  equivalent  amounts  of  acid  and 
alcohol  are  taken,  it  is  found  when  equilibrium  is  established,  a 
process  which  requires  several  days  at  the  ordinary  temperature, 
that  f  of  the  alcohol  and  acetic  acid  have  undergone  the 
reaction,  whilst  J  of  each  is  left  unaltered.  Exactly  the  same 
state  of  equilibrium  is  reached  if  equivalent  amounts  of  ethyl 
acetate  and  water  are  allowed  to  react.  In  this  condition, 
therefore,  pq  =  ^  X  ^  =  i,  whilst  p'q'  =  |  x  |  =  |,  so  that 

pq 

When  the  value  of  the  equilibrium  constant  has  once  been 
determined,  it  is  possible  to  calciilate  the  composition  of  the 
equilibrium  mixture  when  the  reacting  substances  are  taken  in 
other  than  equivalent  proportions.  Thus,  if  a  molecules  of 
alcohol  and  h  molecules  of  acetic  acid  are  taken  in  the  above 
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instance,  and  if  x  is  the  number  of  molecules  of  ester  present  in 
the  equilibrium  mixture,  then 

p  =z  a  —  :i\    q  =  Ij  —  x,   [i'  =  q    =  x. 

By  substituting  these  values  in  the  equation  given  above,  the 
value  of  X  can  be  obtained.  The  numbers  calculated  in  this 
way  agree  well  with  those  obtained  by  experiment. 

It  is  found  experimentally,  in  harmony  with  the  formula  for 
the  equilibrium  constant,  that  if  a  large  excess  of  alcohol  is 
taken,  practically  the  whole  of  the  acetic  acid  is  converted 
into  ethyl  acetate,  whilst  if  a  large  excess  of  acid  is  taken 
almost  the  whole  of  the  alcohol  undergoes  the  reaction.  These 
facts  have  an  important  bearing  upon  the  reactions  used  in 
analytical  processes.  In  these  cases  it  is  essential  that  equili- 
brium be  not  established  until  practically  the  whole  of  the 
substance  which  is  being  estimated  has  undergone  the  par- 
ticular reaction.  In  the  processes  of  gravimetric  analysis  the 
substance  which  is  being  analysed,  or  some  one  of  its  elements, 
is  converted  into  a  sparingly  soluble  compound.  In  this  way 
the  product  which  is  precipitated  is  continually  withdrawn 
from  the  solution,  the  equilibrium  is  thereby  disturbed,  and 
fresh  quantities  of  the  substance  are  formed  and  precipitated, 
the  reaction  thus  proceeding  until  it  is  practically  complete. 
This  effect  is  further  aided  in  most  cases  by  the  use  of  an 
excess  of  the  reagent,  which,  as  we  have  just  seen,  tends  to 
increase  the  extent  to  which  the  other  substance  undergoes 
the  reaction.  In  the  processes  of  volumetric  analysis  it  is  also 
necessary  to  choose  reactions  for  which  the  equilibrium 
constant  is  very  high,  and  which,  moreover,  proceed  rapidly. 
Thus,  the  reaction  between  equivalent  quantities  of  caustic 
soda  and  hydrochloric  acid  can  be  utilised  for  estimating  the 
amount  of  the  former  present,  because  the  reaction  proceeds 
rapidly,  and  equilibrium  is  established  only  when  practically 
the  whole  of  the  acid  and  alkali  present  have  reacted.  The 
completion  of  the  reaction  is  therefore  indicated  by  the  fact 
that  the  solution  becomes  neutral.  On  the  other  hand,  it  is 
impossible  to  estimate  alcohol  by  titration  with  hydrochloric 
acid,  because  the  constant  of  equilibrium  for  this  reaction  is 
low  (8-44  at  99°  ^),  and  equilibrium  is  attained  long  before  the 
whole  of  the  alcohol  has  been  converted  into  ethyl  chloride,  and 
therefore  before  the  solution  has  become  neutral,  so  that  it  is 
1  Cain,  Zeit.  physikal.  Chem.,  1893,  12,  751. 
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impossible  to  ascertain  by  the  aid  of  an  indicator  when  an 
equivalent  of  the  acid  has  been  added. 

Many  cases  of  chemical  equilibrium  have  been  experimentally 
studied  on  the  lines  indicated  above.  Special  mention  may  be 
made  of  the  investigation  of  the  following  reactions,  some  of 
which  are  of  technical  importance : — COj  fHg  =i^  C0  +  H20(l) ; 
280^+0,  ^2S03(2):  4HC1  +  0,  ^  2C1,  +  2H,0(3) ;  3Fe  + 
4Rfi  ^  Fe30,  +  4H./4). 

The  study  of  gaseous  dissociation  from  the  point  of  view 
of  the  law  of  mass  action  presents  many  interesting  features. 
When  a  gas  is  decomposed  by  heat  into  several  new  mole- 
cules, which  may  either  be  all  of  the  same  kind,  as  in  the 
case  of  nitrogen  peroxide,  NgO^,  or  of  different  kinds,  as  in  the 
case  of  phosphorus  pentachloride,  and  these  reunite  to  form  the 
original  gas  when  the  whole  is  allowed  to  cool,  the  gas  is  said  to 
dissociate  when  heated.  In  the  case  of  such  a  partly  dissociated 
vapour  the  quantities  of  the  several  gases  present  are  propor- 
tional to  their  partial  pressures  in  the  mixture.  Thus,  if  p  be 
the  pressure  due  to  the  undissociated  molecules,  and  2^1  that  of 
each  of  the  two  new  gases  formed,  the  equation  of  equilibrium 
becomes 

P 

If  now  the  pressure  of  one  of  the  products  of  dissociation  is 
increased  by  adding  some  of  it  to  the  mixture  without  altering 
the  volume,  it  follows  that  the  numeraior  of  this  fraction  must 
increase,  and  that  therefore,  since  K  must  remain  constant,  p 
must  also  increase.  In  other  words,  the  dissociation  of  the  gas 
must  be  diminished.  This  result  has  been  experimentally 
verified  in  many  cases.  Thus  when  phosphorus  pentachloride 
is  vaporised,  it  dissociates  partially  into  phosphorus  trichloride 
and  chlorine : 

PCl,^PCl3  +  Cl,. 

When,  however,  the  pressure  of  either  the  phosphorus  tri- 
chloride vapour  or  the  chlorine  is  increased,  the  dissociation  of 
the  gas  is  diminished,  and  the  vapour  density  is  increased.     The 

1  Hahn,  Zeif.  physikal.  Chem.,  1903,  44,  51.S. 

2  Bodenstein  and  Pohl,  Zeit.  EUUrochem.,  19C5,  11,  373. 

^  von  Falckenstein,  Zeit.  phymlcah  Chem.,  1907,  59,  313 ;  1909,  65,  371. 
'I  Deville,   Compt.  rend.,    1870,   70,    1105,    1201;    71,    30;    Preuner,   Zeit. 
physikal.  Chem.,  1904,  47,  385. 
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same  is  true  for  ammonium  chloride,  which  does  not  dissociate 
to  so  large  an  extent  in  presence  of  ammonia  or  hydrogen 
chloride. 

A  similar  phenomenon  occurs  in  sohitions  of  electrolytes; 
when  two  substances  having  a  common  ion  are  present  in  a 
solution,  neither  of  them  is  electrolytically  dissociated  to  as 
great  an  extent  as  it  would  be  were  the  other  substance 
absent. 

The  effect  of  temperature  and  pressure  on  chemical  equili- 
brium has  also  been  carefully  studied  for  many  partially  dis- 
sociated gases.  The  particular  state  of  equilibrium  attained  by 
any  system  of  reacting  substances  depends  on  the  physical 
conditions  to  which  the  system  is  subjected,  but  the  extent 
by  which  the  state  of  equilibrium  is  altered  by  change  of 
temperature  and  pressure  varies  very  largely  according  to  the 
nature  of  the  special  reaction  concerned.  It  may  be  taken  as  a 
general  law  that  rise  of  temperature  tends  to  produce  such  a 
change  in  the  equilibrium  of  the  system  as  is  attended  by  an 
absorption  of  heat,  whilst  a  lowering  of  the  temperature  has  an 
effect  in  the  opposite  direction.  Thus,  when  a  gas  such  as 
nitrogen  peroxide,  NjO^,  is  heated  to  a  definite  temperature  it 
decomposes  to  a  perfectly  definite  extent  into  molecules  of  the 
simpler  gas,  NO.2,  a  change  which  is  accompanied  by  absorption 
of  heat.  If  now  the  temperature  is  raised,  the  effect  is  to 
increase  the  dissociation  of  the  gas  in  harmony  with  the 
general  law  just  enunciated.  If  a  reaction  proceeds  without 
much  evolution  or  absorption  of  heat,  the  effect  of  change  of 
temperature  on  the  position  of  equilibrium  is  correspondingly 
small :  an  instance  of  this  is  furnished  by  the  reaction  between 
ethyl  alcohol  and  acetic  acid. 

The  effect  of  a  rise  of  temperature  on  a  chemical  reaction  is 
therefore  of  two  kinds.  In  the  first  place,  it  increases  the 
velocity  of  the  reaction,  and,  in  the  second  place,  it  alters  the 
final  state  of  equilibrium  which  is  attained.  This  is  well  illus- 
trated in  the  case  of  hydrogen  and  iodine,  which  has  been  very 
thoroughly  investigated  by  Lemoine  ^  and  Bodenstein.'^  When 
these  two  elements  are  heated  together  at  290°,  several  weeks 
are  required  for  the  establishment  of  equilibrium,  in  which 
condition  16-37  per  cent,  of  the  total  hydrogen  is  present  in 
the  free  state ;  at  448°,  on  the  other  hand,  the  state  of  equili- 

1  A7in.  Chim.  Phyf<.,  1877  [5],  12,  145. 

2  Zeit.  ijhy^ilal.  Chem.,  1896,  13,  56, 
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brium  is  reached  in  a  few  hours,  23'63  per  cent,  of  the  total 
hydrogen  being  free. 

The  exact  extent  to  which  the  position  of  equilibrium  is 
shifted  by  altering  the  temperature  is  given  by  the  formula : — 

-  -ff, — ^=  —-—r,,  where  K  is  the  equilibrium  constant  of  the 
dl  MP  '■ 

reaction  at  the  absolute  temperature  T,  R  is  the  gas  constant, 
and  q  is  the  heat  evolved  when  the  reaction  goes  completely 
from  left  to  right.  The  applicability  of  this  formula  has  been 
tested,  for  instance,  in  connection  with  the  equilibrium  between 
sulphur  trioxide,  sulphur  dioxide,  and  oxygen.^ 

Increase  of  pressure  produces  such  a  change  in  the  position 
of  equilibrium  as  is  attended  by  a  diminution  of  volume. 
Thus,  when  the  external  pressure  on  such  a  gas  as  nitrogen 
peroxide  is  increased,  whilst  the  temperature  is  maintained 
constant,  the  dissociation  of  the  gas  is  diminished,  the  com- 
bination of  the  NOg  molecules  being  accompanied  by  a  dim- 
inution of  volume : 

2NO2  =  N,0,. 

This  is  shown  by  the  following  numbers  obtained  by  E.  and 
L.  Natanson  ^  at  a  temperature  of  49-7° : — 


Pressure. 

Vapour  density. 

26-80  mm. 

1-663 

93-75 

1-788 

182-69 

1-894 

261-37 

1-993 

497-7.5 

2-144 

On  the  other  hand,  increase  of  pressure  produces  no  change 
m  the  dissociation  equilibrium  of  hydrogen  iodide,  the  decom- 
position of  this  substance  being  unattended  by  any  change  in 
the  number  of  molecules  : 

2HI  ^  H    +  I,. 

1  Bodenstein  and  Pohl,  Zeit.  Elehtrochem. ,  1905  11   373 
'  Ami.  Phys.  Chem.,  1885,  24,  454 ;  1886,  27,  656.' 
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SPECTRUM  ANALYSIS. 

76  The  following  pages  contain  a  short  statement  of  the 
principles  of  spectrum  analysis,  and  of  the  application  of  these 
principles  to  the  detection  of  certain  elementary  and  compound 
bodies.  A  complete  treatise  on  spectrum  analysis  would  be  out 
of  place  here  ;  for  the  subject  has  not  only  outgrown  the  space 
which  can  be  assigned  to  it  in  a  work  like  the  present,  but 
much  diversity  of  opinion  is  still  expressed  on  various  import- 
ant points,  and  a  discussion  of  these  views  cannot  be  attempted 
here.^ 

Although  the  spectroscope  has  been  employed  for  chemical 
investigations  only  since  the  year  1860,  it  has  been  the  means 
of  effecting  some  of  the  most  striking  discoveries  of  modern 
times.  By  its  help  the  chemist  is  able  to  investigate  the  com- 
position of  terrestrial  matter  with  a  degree  of  exactitude 
previously  undreamt  of,  and  the  discovery  of  the  following  new 
elementary  bodies,  as  well  as  many  members  of  the  group  of 
rare  earths,  indicates  the  importance  of  the  spectroscope  in 
chemical  analysis : 

Caesium  and  Bubidium,  by  Kirchhoff  and  Bunsen. 
Thallium,  by  Crookes. 
Indium,  by  Reich  and  Richter. 
Gallium,  by  Lecoq  de  Boisbaudran. 
Helium,  by  Ramsay. 

In  addition  to  this,  the  application  of  the  methods  of  spec- 
trum analysis  to  the  investigation  of  the  nature  of  the  light 
emitted  by  the  heavenly  bodies  has  opened  out  a  completely 
new  field  of  research,  and  has  laid  the  foundations  of  a  new 
science,  that  of  Celestial  Chemistry.   Such  has  been  the  progress 

'  See  Kayser,  Handhuch  der  Spectroscopie  (Hirzel,  Leipzig,  1900-1912) ; 
Baly,  Speclroitcopy  (Longmans,  1912) ;  Watts,  IntrodricHon  to  the  Study  of 
Spectrnm  Analysin  {Longmans,  1904). 
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made  in  this  direction  that  not  only  are  we  now  assured  of 
the  existence  of  many  of  our  well-known  terrestrial  metals  in 
the  atmospheres  of  the  sun  and  the  fixed  stars,  but  we  have 
gained  a  knowledge  of  the  physical  condition  of  our  luminary 
such  as  we  formerly  could  not  have  thought  possible,  and  have 
even  been  able  to  form  a  definite  opinion  concerning  the 
physical  and  chemical  constitution  of  the  nebulae  and  stars. 

Moreover,  it  appears  that  the  study  of  the  spectrum  is  capable 
of  leading  to  most  interesting  and  important  conclusions  respect- 
ing the  structure  of  the  molecule,  both  at  ordinary  temperatures, 
and  at  the  highest  of  which  we  have  any  knowledge.  It  seems 
probable  also  that  spectrum  observations  will  prove  of  great 
assistance  in  our  endeavours  to  ascertain  the  structure  of  the 
atom  and  to  trace  the  changes  involved  in  its  disintegration. 

77  The  principles  upon  which  spectrum  analysis  is  founded 
are  simple  enough.  When  any  solid  or  liquid  bodies  are 
gradually  heated  they  will  all  be  seen  to  become  luminous  at 
some  temperature.  If  the  light  which  these  bodies  emit,  when 
they  begin  to  glow  or  become  luminous,  is  examined  by  means 
of  a  prism  and  suitable  optical  arrangements,  the  rays  of  least 
refrangibility,  viz.,  the  red  rays,  are  seen  first,  and,  as  the  tem- 
perature rises,  light  of  greater  refrangibility  is  gradually  emitted, 
until  at  last  the  body  gives  off  blue  or  violet  rays.  When  this 
point  is  reached  the  substance  appears  to  the  naked  eye  to  be 
white-hot,  as  all  the  differently  coloured  rays,  when  brought 
together  on  the  retina,  produce  the  effect  which  we  term  white 
light.  It  is  thus  clear  that  the  spectrum  of  every  incandescent 
solid  or  liquid  is  the  same,  a  bright  continuous  coloured  band, 
the  rays  of  which  extend  without  a  break  through  all  the  colours 
of  the  rainbow  from  red  to  violet. 

With  gases  glowing  at  a  high  temperature,  however,  the  case 
is  quite  different.  The  light  which  these  bodies  emit  does  not 
consist  of  light  of  all  degrees  of  refrangibility.  The  spectrum 
of  a  glowing  gas,  instead  of  being  continuous,  is  more  or  less 
broken  up.  Incandescent  gases  emit  only  rays  of  definite  degrees 
of  refrangibility,  and  their  spectra  consist,  therefore,  of  bright 
lines,  the  position  of  which  undergoes  no  change  when  the  tem- 
perature is  raised.  Thus  the  vapour  of  sodium  when  incandescent 
emits  a  yellow  light,  and  its  spectrum  consists  of  a  double  yellow 
line  having  wave-lengths  of  5896  and  5890  ten-millionths  of  a 
millimetre,  and  being  coincident  with  the  dark  lines  in  the  solar 
spectrum  termed  by  Fraunhofer  the  D  lines.    These  two  bright 
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sodium  lines  do  not  alter  their  position  when  the  temperature 
of  the  vapour  is  raised ;  sodium  vapour,  as  soon  as  it  becomes 
luminous,  glows  with  a  yellow  light,  and  by  no  rise  of  tempera- 
ture can  it  be  made  white-hot.  The  peculiar  colour  of 
incandescent  sodium  vapour  is  best  seen  by  fusing  a  small  bead 
of  sodium  chloride  on  to  the  end  of  a  fine  platinum  wire,  and 
placing  it  in  the  non-luminous  gas-flame.  The  salt  volatilises, 
and  the  flame  is  coloured  intensely  yellow  (Fig.  11). 

78  Melville,  in  1752,  was  the  first  to  notice  this  yellow 
sodium  flame,  but  he  was  unacquainted  with  its  cause.  In 
the  year  1822,  Brewster  introduced  his  monochromatic 
lamp,  the  first  idea  being,  however,  due  to  Melville.      In  this 


Fig.  11. 


same  year  John  Herschel  investigated  the  spectra  of  many 
coloured  flames,  especially  those  obtained  from  the  chlorides  of 
copper  and  strontium,  as  well  as  from  boracic  acid,  and  in 
1827  he  writes  concerning  these  observations — "  the  colour 
thus  contributed  by  different  objects  to  flame  affords  in  many 
cases  a  ready  and  neat  way  of  detecting  extremely  minute 
quantities  of  them."  Again,  Fox  Talbot  writes  as  follows  in 
1826  :— "  The  red  fire  of  the  theatres  gave  a  most  beautiful 
spectrum,  with  many  lines  or  maxima  of  light.  In  the  red 
these  lines  were  more  numerous  and  crowded,  with  dark  spaces 
between  them,  besides  an  exterior  ray  greatly  separated  from 
the  rest,  and  probably  due  to  the  nitre  in  the  composition. 
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In  the  orange  was  one  bright  line,  one  in  the  yellow,  three 
in  the  green,  and  several  that  were  fainter."  The  extreme 
delicacy  of  the  sodium  reaction,  and  the  universal  distribution 
of  this  element,  were  facts  unknown  to  Talbot,  and  he  conse- 
quently attributes  the  yellow  line  first  to  sulphur,  and  after- 
wards to  the  presence  of  water.  He  adds,  "  if  this  opinion  "— 
as  to  the  cause  of  the  production  of  the  lines — "  should  prove 
correct,  and  applicable  to  the  other  definite  rays,  a  glance  at  the 
prismatic  spectrum  of  a  flame  might  show  it  to  contain 
substances  which  it  would  otherwise  require  a  laborious 
chemical  analysis  to  detect."  In  1834  Talbot  again  writes  : — 
"  Lithia  and  strontia  are  two  bodies  characterised  by  the 
fine  red  tint  which  they  communicate  to  the  flame.  Now 
it  is  very  difficult  to  distinguish  the  lithia-red  from  the  strontia- 
red  by  the  naked  eye,  but  the  prism  betrays  between  them 
the  most  marked  distinction  which  can  be  imagined.  The 
strontia  flame  exhibits  a  great  number  of  red  rays  well 
separated  from  each  other  by  dark  intervals,  not  to  mention  an 
orange  and  a  very  definite  bright  blue  ray.  The  lithia  exhibits 
one  single  red  ray.  Hence  I  hesitate  not  to  say  that  optical 
analysis  can  distinguish  the  minutest  portions  of  these  two 
substances  from  each  other  with  as  much  certainty  as,  if  not 
more  than,  any  known  method." 

In  the  year  1845  Wm.  Allen  Miller  published  the  results  of 
experiments  on  the  spectra  of  coloured  flames,  together  with 
drawings,  but  owing  to  the  fact  that  in  these  researches  a 
luminous  flame  was  made  use  of,  the  representations  of  the 
several  spectra  are  wanting  in  clearness  and  individuality. 
Swan  was  the  first  to  point  out  that  the  bright  yellow  line 
coincident  with  Fraunhofer's  D,  which  was  seen  in  every  flame, 
is  caused  by  the  presence  of  sodium  salts,  and  it  is  to  him  that 
we  are  indebted  for  the  discovery  of  the  extreme  delicacy  of  the 
sodium  reaction,  and  for  the  proof  of  the  universal  distribution 
of  this  element. 

The  earliest  observations  of  the  spectra  of  the  metals  which 
cannot  be  volatilised  at  the  temperature  of  the  non-luminous 
gas-flame  were  made  in  1835  by  Wheatstone.  He  allowed 
electric  sparks  to  pass  between  poles  of  different  metals,  and 
found  that  the  spectra  of  the  sparks  thus  obtained  were  dis- 
similar. From  this  he  concluded  that  the  electric  spark  resulted 
from  the  volatilisation  of  the  metal  of  the  poles.  "These 
differences,"  he  says,  "  are  so  obvious,  that  one  metal  may  easily 
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be  distinguished  from  anotlier  by  the  appearance  of  its  spark ; 
and  we  here  have  a  mode  of  discriminating  metallic  bodies 
more  ready  than  that  of  chemical  examination,  and  which  may 
hereafter  be  employed  for  useful  purposes." 

In  1855  Angstrom  thoroughly  investigated  the  nature  of  the 
electric  spark,  proving  the  important  fact  that  the  spark  yields 
two  superimposed  spectra ;  one  derived  from  the  metal  of  the 
pole,  and  the  other  from  the  gas  or  air  through  which  the  spark 
passes. 

The  results  obtained  by  the  above-mentioned  observers  were, 
however,  but  little  known,  and  the  method  was  never  applied  to 
the  solution  of  problems  in  analytical  chemistry,  until  the  year 
1860,  when  Bunsen  and  Kirchhoff  began  their  classical 
researches.  It  is  to  these  two  philosophers  that  we  must 
in  truth  ascribe  the  discovery  of  the  spectroscopic  method,  for 
they  were  the  first  to  bring  to  bear  upon  this  subject  the  sound 
principles  of  modern  research,  and  to  establish  it  upon  the  firm 
foundation  of  exact  experiment.^  Their  labours  soon  met  with 
reward.  A  new  alkali  metal  (cajsium)  was  discovered  almost 
immediately,^  and  the  presence  of  various  well-known  metals  in 
the  solar  atmosphere  was  at  the  same  time  ascertained  beyond 
doubt.^ 

79  Construction  and  use  of  the  SiMctroscope. — The  construction 
and  arrangement  of  the  spectroscope  best  suited  to  ordinary 
chemical  purposes  is  shown  in  Fig.  12.  This  instrument  con- 
sists of  a  prism  (a)  fixed  upon  a  firm  iron  stand,  and  a  tube  Qi) 
called  a  collimator,  carrying  the  slit  (d),  seen  on  an  enlarged 
scale  in  Fig.  14.  Through  this  slit  the  rays  from  the  coloured 
flame  which  is  being  examined  (e)  fall  upon  the  prism,  being 
rendered  parallel  by  passing  through  a  lens  placed  at  the  other 
end  of  the  tube.  The  light,  having  been  refracted  by  the 
prism  (a),  is  received  by  the  telescope  (/),  and  the  image 
is  magnified  before  reaching  the  eye.  The  small  luminous  gas- 
flame  ih,  Fig.  12)  is  placed  so  as  to  illuminate  a  fixed  scale  con- 
tained inside  the  tube  {g) ;  this  is  reflected  from  the  surface  of 
the  prism  (a)  into  the  telescope,  and  serves  as  a  means  of  deter- 
mining the  position  of  the  lines. 

If,  as  is  often  the  case,  it  is  desired  to  observe  two  spectra 

1  Kirchhoff  and  Bunsen,   "Chemical  Analysis  by  Spectrum  Observations," 
PhU.  Mag.,  [4],  1860,  20,  89  ;  1861,  22,  329,  498. 

2  Berlin  Akad.  Ber.,  May  10,  1860  ;  Chtm.  News,  1861,  3,  132. 

3  Berlin  Akad.  Be,:,  Oct.  27,  1859 ;  Phil.  Mag.,  1860,  [4],  19, 193. 
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simultaneously,  so  as  to  compare  the  position  of  the  lines,  this 
is  effected  by  placing  a  small  prism  (c.  Figs.  13  and  14)  over 
one  half  of  the  slit.     The  rays  from  a  second  source  of  light 


Fig.  12. 


(e',  Fig.  12)  may  thus  be  brought  into  the  collimator  by  internal 
reflection,  so  that  of  the  two  spectra  produced,  one  occupies 
the  upper  half,  and  the  other  the  lower  half  of  the  field  of  view. 


Via.  13. 


In  spectroscopes  adapted  for  more  accurate  measurements,  the 
illuminated  scale  is  discarded,  and  the  telescope  is  made  to  move 
along  a  divided  circle,  by  means  of  which  the  angular  dispersion 
of  the  various  lines  may  be  measured. 


Fig.  14. 


Greater  dispersion  and  separation  of  the  lines  is  attained  by 
the  use  of  a  series  of  prisms  instead  of  a  single  prism  (Fig.  15), 
AS'hich  is  a  representation  of  the  form  of  instrument  used  by 
Kirchhoff  in  his  classical  researches  on  the  chemical  composition 
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of  the  solar  atmosphere.  In  such  instruments  the  intensity  of 
the  light  is  much  weakened,  and  they  can  therefore  be  used 
with  advantage  only  when  the  source  of  light  is  of  considerable 
intensity. 


Fig.  15. 

Greater  accuracy  in  definition  and  wider  dispersion  are 
attained  by  the  substitution  of  a  diffraction  grating,  either 
plane  or  concave,  for  the  prism,  and  such  gratings,  which  usually 
contain  from  5,000  to  20,000  lines  perinch,  are  always  employed 
for  the  most  accurate  work,  when  the  source  of  light  is  of  suffi- 
cient intensity. 


METHODS  OF  PRODUCING  EMISSION 
SPECTRA. 

80  In  order  to  obtain  the  peculiar  spectrum  of  a  chemical 
substance  it  is  necessary  to  examine  the  light  which  the 
substance  emits  in  a  state  of  glowing  gas.  The  method 
employed  for  this  purpose  differs  according  as  the  substance  is 
solid,  liquid,  or  gaseous. 

81  Flame- Spectra. — Slightly  volatile  substances,  such  as  the 
salts  of  the  metals  of  the  alkalis  and  alkaline  earths,  may  be 
placed  upon  a  fine  platinum  wire,  and  this  is  then  brought  into 
the  non-luminous  Bunsen  flame.     The  salts  there  volatilise,  the 
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flame  assumes  a  characteristic  colour,  and  this  coloured  flame, 
when  examined  by  the  spectroscope,  exhibits  the  peculiar 
spectrum  of  the  given  substance.  Apparatus  specially  adapted 
for  the  continuous  introduction  of  salts  into  the  Bunsen  flame, 
has  been  described  by  Beckmann.^ 

Many  substances  which  yield  no  bright  line  spectra  in  the 
Bunsen  flame  do  so  in  the  oxy-hydrogen  flame. 

82  Arc-  and  Spark-Spectra. — When  the  substance  is  non- 
volatile at  the  temperature  of  the  non-luminous  flame,  as  is  the 
case  with  most  metals,  and  requires  a  much  higher  temperature 
to  convert  it  into  gas,  either  a  powerful  electric  spark  or  the 
electric  arc  must  be  employed.  The  arrangement  used  for 
obtaining  the  spectra  of  metals  by  means  of  the  electric  spark 


Fiu.  16. 

IS  seen  in  Fig.  16.  It  is  only  necessary  to  allow  a  powerful  and 
bright  spark  to  pass  between  poles  made  of  the  metal  in  question 
to  obtain  the  characteristic  bright-line  spectrum  of  the  metal, 
although  it  is  to  be  remembered  that  the  bright  lines  of  the 
gases  through  which  the  spark  passes  (the  air  lines)  will 
likewise  be  observed. 

Another  method  of  examining  spark-spectra  with  especial 
regard  to  the  easy  chemical  detection  of  the  difficultly  volatile 
metals  was  proposed  by  Bunsen.^  The  spark  passes  between 
two  small  cones  of  pure  porous  carbon,  these  having  been  im- 
pregnated with  a  solution  of  a  pure  compound  of  the  metal 
under   examination.      The  advantage   of  this  spark-spectrum 

1  Zeit.  phijsihal.  Chem.,  1907,  67,  641. 

2  Phil.  Ma,j.,  1875,  [4],  50,  418,  527. 
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method  is  well  shown  in  the  case  of  the  detection  of  the  allied 
rare  metals  cerium,  lanthanum,  praseodymium,  and  neodymium ; 
yttrium  and  erbium.  The  chlorides  of  these  metals  do  not 
volatilise  at  the  temperature  of  the  non-luminous  flame,  but 
yield  well-defined  and  characteristic  spark-spectra  by  which  they 
can  be  recognised  without  difficulty. 

Another  method  which  is  of  special  value  in  observing  the 
spectra  given  by  the  soluble  salts  of  the  metals  has  been 
perfected  by  Lecoq  de  Boisbaudran.  It  consists  in  connecting 
the  solution  of  the  salt  with  the  negative  wire  from  the  in- 
duction coil,  and  then  passing  the  spark  from  a  positive  pole  of 
platinum  placed  just  above  the  surface  of  the  liquid.  This 
method  has  proved  of  great  value  in  the  examination  of  the 
compounds  of  rare  earths. 

For  arc-spectra  the  ordinary  arc  between  carbon  points  is 
used,  the  substance  to  be  examined  being  placed  on  the  positive 
pole,  or  packed  in  a  hole  bored  along  the  axis  of  the  carbons. 


Fig.  17. 


In  the  case  of  metals,  the  poles  may  be  made  of  the  metal  itself 
If  the  substance  is  a  gas  at  the  ordinary  temperature  the 
gaseous  particles  can  be  made  to  glow,  and  then  to  emit  the 
rays  which  are  peculiar  to  them,  by  passing  an  electric 
discharge  through  the  gas.  The  colour  of  the  electric  spark 
or  discharge  will  then  be  found  to  vary  according  to  the 
nature  of  the  gas,  and  a  spectroscopic  examination  of  the  light 
then  emitted  reveals  the  characteristic  spectrum  of  the  gas. 
The  examination  of  the  spectra  of  gases  at  low  pressures  is 
effected  by  means  of  Geisshr's  Tubes  (Fig.  17).  These  contain 
the  gases  in  a  highly  rarefied  condition,  and  are  furnished  with 
platinum  or  aluminium  wires  fused  into  the  glass.  As  the  rare- 
fied gases  offer  little  resistance  to  the  passage  of  the  electricity, 
the  discharge  passes  readily  through  a  long  narrow  tube, 
heating  up  the  particles  of  gas,  and  thus  producing  a  brightly 
luminous  column.  The  vapours  of  liquids  which  are  easily 
volatilised  can  also  be  examined  in  this  way. 


L  -2 


148  SPECTRUM  ANALYSIS 


The  spectra  of  gases  at  the  ordinary  pressure,  or  under  in- 
creased pressure,  can  be  observed  by  passing  a  spark  (as 
described  above)  between  metal  poles  in  an  atmosphere  of  the 
gas  at  the  required  pressure.  It  must  be  remembered  that 
in  such  experiments  the  lines  due  to  the  metallic  poles  are 
also  seen. 

Phosphorescence  spectra  are  shown  by  many  substances 
when  they  are  exposed  to  the  cathode  discharge  in  a  highly 
exhausted  glass  bulb  (Crookes).  This  method  has  been  much 
used  for  the  examination  and  characterisation  of  the  rare 
earths. 

When  the  invisible  portions  of  the  spectrum  are  to  be 
examined  it  must  bo  remembered  that  glass  is  much  less 
transparent  to  the  infra-red  rays  than  to  ordinary  light,  and  is 
almost  opaque  to  the  ultra-violet  rays.  These  last  are,  however, 
transmitted  by  quartz  prisms  and  lenses,  and  then  can  be  photo- 
graphed, or  rendered  visible  by  means  of  a  screen  coated  with 
some  phosphorescent  substance  such  as  platinocyanide  of  barium 
or  potassium.  The  infra-red  spectrum  is  best  obtained  by  means 
of  a  metallic  diffraction  grating, 

MAPPING    AND    MEASURING    SPECTRA. 

83  The  following  method  of  mapping  spectra  as  observed 
with  a  spectroscope  provided  with  an  illuminated  scale,  was 
proposed  by  Bunsen  as  a  convenient  mode  of  recording  the 
position,  breadth,  and  intensity  of  the  lines  constituting  the 
various  spectra.  "  For  the  purpose  of  facilitating  the  numeri- 
cal comparison  of  the  data  of  various  spectrum  observa- 
tions, we  give  in  Fig.  18  graphical  representations  of  the 
observations  which  are  taken  from  the  guiding  lines  given  in 
the  chromo-lithograph  drawings  of  the  spectra  published  in  our 
former  memoirs,  and  in  which  the  prism  was  placed  at  the  angle 
of  minimum  deviation.  The  ordinate  edges  of  the  small 
blackened  surfaces,  referred  to  the  divisions  of  the  scale  as 
abscissae,  represent  the  intensity  of  the  several  lines,  with  their 
characteristic  gradations  of  shade.  These  drawings  were  made 
when  the  slit  was  so  broad,  and  the  flame  of  such  a  temperature, 
that  the  fine  bright  line  upon  the  broad  Ca  a  band  began  to  be 
distinctly  visible. 

"  This  breadth  of  the  slit  was  equal  to  the  fortieth  part  of 
the  distance  between  the  sodium  line  and  the  lithium  line  a- 
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For  the  sake  of  perspicuity,  the  continuous  spectra  which 
some  bodies  exhibit  are  specially  represented  on  the  upper 
edge  of  the  scale,  to  the  divisions  of  which  they  are  referred  as 
abscissae," 
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The  positions  of  the  lines  in  a  spectrum  are  now  generally 
recorded  in  terms  of  their  wave-lengths,  which  are  usually 
expressed  in  ten  miUionths  of  a  millimetre  (1  x  10'^  millimetre), 
a  linit  of  measurement  which  is  known  as  Angstrom's  unit  (A.U.). 
or  as  a  "  tenth  metre,"  since  it  equals  1  X  lO"!"  metre.  Wave- 
lengths are,  however,  sometimes  expressed  in  terms  of 
fj,  =  0-001  millimetre,  or  of  /./.  =  O'COOOOl  millimetre.  For 
many  purposes  it  is  more  convenient  to  deal  with  the  oscillation 
frequency  of  the  ray,  i.e.,  the  number  of  waves  in  a  given  unit  of 
length,  the  centimetre  being  usually  chosen.  Thus,  the  less 
refrangible  yellow  sodium  line  has  the  wave-length  5896-2 
A.U.  (589-62  fin;  0-58962   /x),  and   the  oscillation  frequency 

16960-1.  . 

In  order  to  ascertain  the  wave-lengths  of  the  various  lines 
observed,  it  is  necessary  to  draw  a  curve  which  represents  the 
dispersion  of  the  particular  instrument  which  is  being  em- 
ployed.    This   is   done  by   selecting   a   number    of    lines    as 
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Fig.  19. 


standard  lines,  and  plotting  the  wave-lengths  of  these  as 
ordiiiates,  and  their  positions  on  the  scale  of  the  instrument 
as  abscissae.  The  curve  joining  the  points  thus  obtained  can 
then  be  used  for  determining  the  wave-length  of  a  line 
observed  at  any  position  on  the  scale.  Precisely  the  same 
process  may  be  carried  out  with  the  oscillation  frequencies. 

Some  instruments  are  provided  with  illumination  scales, 
divided  and  numbered  so  as  to  permit  of  the  direct  determin- 
ation of  the  wave-length  for  any  region  of  the  visible  spectrum. 
Such  scales  are  similar  to  that  shown  in  Fig.  19,  and  give 
wave-lengths  in  /a/x,  in  accordance  with  the  determinations  of 
Angstrom.  The  divisions  of  the  scale  enable  the  'observer 
to  read  directly  to  the  second  significant  figure,  and  to  estimate 
the  third.  Such  scales  are  sufficiently  accurate  for  ordinary 
qualitative  work  but  can  be  employed  only  with  a  prism  of  the 
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same  dispersive  power  as  that  for  which  they  have  been 
constructed. 

The  most  accurate  method  of  recording  the  spectrum  given 
by  any  substance  is  to  allow  the  image  of  the  spectrum  to  fall 
upon  a  photographic  plate,  contained  in  a  holder  fitting  into  a 
camera  which  replaces  the  eye-piece  of  the  telescope.  The 
great  advantage  of  the  photographic  method  is  that  it  is  thus 
possible  to  determine  with  great  accuracy  the  positions  of  a 
much  larger  number  of  lines  than  can  be  done  by  mere 
observations  with  the  eye,  very  faint  lines  being  recorded  when 
the  time  of  exposure  is  increased.  This  is  shown  by  the  fact 
that  in  the  portion  of  the  spectrum  between  wave-lengths  3900 
and  4100,  the  number  of  lines  of  twelve  metals  noted  by 
Lockyer  is  416,  as  against  39  lines  observed  by  Thalen. 
The  photographic  method  can,  moreover,  be  extended  to 
those  portions  of  the  spectrum  which  are  invisible  to  the  eye. 

If  the  spectrum  of  some  standard  substance  is  photographed 
on  the  same  plate  as  the  spectrum  to  be  examined,  the 
unknown  wave-lengths  of  the  new  lines  can  readil}'^  be 
determined  by  interpolation  from  the  known  wave-lengths  of 
the  lines  of  the  standard  substance. 

It  has  been  found  possible  to  photograph  the  spectrum  between 
wave-lengths  20000  A.U.  in  the  infra-red  and  1000  A.U.  in  the 
ultra-violet,  but  very  special  methods  are  required  to  obtain 
records  beyond  the  interval  9000-2100.  In  the  infra-red, 
measurements  may  be  made  also  by  means  of  the  bolometer, 
an  instrument  devised  by  Langley,  which  detects  the  heating 
effect  of  the  rays  by  the  change  of  resistance  produced  in  a  thin 
metallic  wire.  By  the  use  of  this  instrument  radiations  of  wave- 
length 1,000,000  A.U.  (0-1  mm.)  have  been  detected. 

84  Variations  observed  in  Spectra.— The  nature  of  the  spectrum 
emitted  by  a  gas  depends  upon  the  temperature  and  pressure  to 
which  the  gas  is  subjected.  When  an  electric  discharge  of  low 
intensity  is  passed  through  a  highly  rarefied  gas,  in  a  Geissler 
tube,  the  spectrum  usually  consists  of  a  series  of  broad  bright 
bands,  which  are  made  up  of  a  great  number  of  very  fine  lines 
crowded  closely  together;  this  is  termed  a  "channelled"  spectrum 
(Plucker).  The  band  spectrum  of  the  discharge  in  the  neigh- 
bourhood of  the  positive  pole  is,  moreover,  often  different  from 
that  near  the  negative  pole.  At  a  higher  temperature,  produced 
by  a  discharge  of  greater  intensity,  the  spectrum  consists  of 
bright  lines.     Finally,  when  the  pressure  is  increased,  under 
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certain  conditions,  many  gases  are  found  to  give  continuous 
spectra. 

These  variations  are  well  exemplified  by  the  cases  of  oxygen 
and  nitrogen,  the  former  of  which  gives  no  fewer  than  seven 
different  spectra,  among  which  are  included  the  absorption 
spectra  of  both  oxygen  and  ozone. 

Argon,  krypton,  and  xenon  behave  in  a  somewhat  different 
manner  from  the  foregoing  gases,  yielding  two  distinct  bright 
line  spectra  according  as  the  ordinary  discharge  or  the  jar 
discharge  is  employed. 

Further,  it  is  often  found  that  variation  in  the  pressure  of  the 
gas,  or  the  intensity  of  the  discharge,  produces  a  variation  in  the 
relative  intensity  of  the  lines  of  the  spectrum.  Thus,  in  helium 
at  a  pressure  of  7 — 8  mm.,  the  yellow  lines  are  the  most 
conspicuous,  and  the  gas  glows  with  a  yellow  light ;  whilst  at 
a  lower  pressure,  the  most  conspicuous  line  is  in  the  green,  and 
the  gas  glows  with  a  greenish  coloured  light. 

The  cause  of  these  variations  is  at  present  unknown.  It 
appears  probable,  however,  that  the  characteristic  spectrum  of 
each  element  is  due  to  the  vibrations  of  the  corpuscles  which 
are  present  in  its  atoms  (p.  40),  rather  than  to  the  vibrations  of 
the  atom  as  a  whole,  so  that  a  change  in  the  spectrum  corres- 
ponds to  some  alteration  in  the  mode  of  vibration  of  some  or 
all  of  the  corpuscles  making  up  the  atom.^ 


THE  SPECTRA  OF  THE  ELEMENTS. 

85  If  we  compare  the  spectra  of  the  various  elements, 
obtained  according  to  one  or  other  of  the  above  methods,  we 
find  that  each  element  yields  a  characteristic  spectrum,  con- 
sisting of  a  larger  or  smaller  number  of  bright  lines,  and  that 
no  two  elements  have  even  a  single  line  in  common. 

These  lines  do  not  undergo  any  alteration  in  relative  position, 
or  in  degree  of  refrangibility,  when  the  temperature  is  raised. 
The  double  sodium  line  D  is  always  seen  at  the  same  position 
of  the  spectrum,  viz.,  wave-lengths  5896  and  5890,  to  what- 
ever temperature  the  vapour  may  be  raised.  The  numler  of 
lines  visible  in  any  given  spectrum,  as  well  as  their  relative 

1  See  J.  J.  Thomson,  "  Some  applications  of  the  theory  of  electric  discharge 
through  gases  to  Spectroscopy,"  A^KKre,  1906,  73,  495 ;  compare  Stark, 
Physihal.  ZeiU,  1908,  9,  85. 
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intensities,  may,  on  the  contrary,  undergo  considerable  changes 
dependent  upon  the  temperature  of  the  glowing  gas,  the 
pressure  to  which  it  is  subjected,  and  the  thickness  of  the 
incandescent  layer.  Thus,  for  example,  the  spectrum  of  lithium, 
as  obtained  by  placmg  some  salt  of  the  metal  in  a  non-luminous 
gas-flame,  consists  of  one  very  bright  red  line,  a,  wave-length 
6708,  and  a  very  faint  orange  line,  /3,  wave-length  6104  (Fig.  20). 
If,  however,  the  spectrum  of  lithium  obtained  by  placing 
one  of  its  salts  in  the  electric  arc,  or  even  in  the  oxyhydrogen 
flame,  is  examined,  a  new  and  splendid  blue  line  (7),  wave- 
length 4602,  makes  its  appearance,  along  with  several  others 
of  less  intensity,  making  in  all  twenty  lines.  The  same 
phenomenon  is  observed  in  the  case  of  the  strontium  spectrum 
(Fig.  20),  where  no  fewer  than  four  new  lines  (e,  rj,  k,  and  X) 
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Fig.  20. 


make    their   appearance   on   raising    the    temperature  of   the 
incandescent  vapour  of  the  metal. 

A  very  important  feature  of  the  spark  spectra  of  the  metals 
was  first  observed  by  Lockyer,  making  use  of  a  method  in  which 
the  image  of  the  electric  arc  formed  by  the  incandescence  of  the 
metal  was  projected  by  a  lens  on  the  slit  of  the  spectroscope. 
By  this  process  he  was  enabled  to  examine  the  spectrum  of 
various  portions  of  the  arc,  and  was  thus  led  to  the  remarkable 
discovery  that  in  each  metallic  spectrum  certain  lines  are  not 
only  brighter  than  others,  but  are  also  longer  than  the  rest- 
That  is,  one  line  of  a  given  metal  is  seen  to  stretch  across  from 
pole  to  pole,  whilst  another  line  appears  only  in  the  neighbour- 
hood of  the  poles,  where  the  temperature  is  highest  and  the 
density  of  the  incandescent  gas  may  be  supposed  to  be  greatest. 


154 


SPECTRUM   ANALYSIS 


The  longest  lines  are  the  ones  which  exist  in  the  spectrum  pro- 
duced at  lower  temperatures. 

The  application  of  instruments  possessing  greater  powers  of 
resolution  to  the  study  of  the  spectrum  has  shown  that  the 
great  majority  of  the  bright  lines  observed  in  the  spectra  of  the 
elements  are  in  reality  composed  of  a  number  of  separate  lines 
differing  only  very  slightly  in  wave-length,  but  often  varying 
considerably  in  intensity.  Thus,  the  red  line  of  hydrogen  con- 
sists in  reality  of  two  lines  of  unequal  brightness,  differing  in 
wave-length  by  only  014  A.U.  Again,  the  green  line  of  thallium 
is  triple,  and  certain  of  the  lines  of  mercury  quadruple. 


THE    SPECTRA    OF    COMPOUNDS. 

85  It  appears  probable  that  every  individual  compound  pos- 
sesses a  characteristic  spectrum  which  consists  of  broad  bands, 
and  not  of  lines  like  the  spark  spectrum  of  an  element.  It  is, 
however,  impossible  in  many  cases  to  observe  this,  because  the 
compound  is  decomposed  before  it  reaches  a  sufficiently  high 
temperature  to  produce  a  spectrum.     Thus,  when  the  compounds 


Fig.  21. 


of  one  of  the  alkali  metals  are  introduced  into  a  Bunsen  'flame, 
the  spectrum  produced  is  the  same  whatever  compound  is  used, 
and  consists  of  lines  which  are  all  found  in  the  spark  spectrum 
of  the  metal.  On  the  other  hand,  the  different  salts  of  barium, 
calcium,  or  strontium  yield  different  spectra,  and  these,  moreover, 
scarcely  contain  a  single  line  which  occurs  in  the  actual  spec- 
trum  of  the  metal.      Thus,  if  a  bead  of  calcium  chloride  is 
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brought  into  the  flame  a  reddish  tint  is  observed,  caused  by  the 
volatilisation  of  the  salt.  The  spectrum  of  this  coloured  flame 
consists  of  a  series  of  differently  coloured  broad  bands,  the  positions 
of  which  are  indicated  in  No.  1,  Fig.  21,  and  which  are  mainly 
due  to  the  unaltered  chloride  and  the  oxide  formed  from  it  by 
calcination.  If,  now,  the  same  bead  is  placed  between  two 
metallic  poles,  and  a  bright  electric  spark  is  allowed  to  strike 
round  the  bead,  the  spark  is  seen  to  assume  a  bright-red  tint, 
and  when  this  coloured  spark  is  observed  by  means  of  a  spec- 
troscope a  spectrum  of  fine  bright  lines,  shown  in  No.  2,  Fig.  21, 
is  seen.  In  the  first  instance,  the  spectrum  is  that  of  a  calcium 
compound ;  in  the  second,  it  is  that  of  the  metal  itself 


RELATIONS    BETWEEN    SPECTRAL    LINES. 

87  The  Spectrum  of  a  given  Element. — It  appears  from  the 
work  of  Liveing  and  Dewar,  Hartley,  and  especially  of  Balmer, 
Rydberg,  Schuster,  and  Kayser  and  Runge^,  that  relations 
exist  between  the  wave-lengths  of  the  lines  in  the  spectrum  of 
a  given  element.  In  the  spectra  of  many  elements  certain 
series  of  lines  have  been  found,  the  wave-lengths  of  which  can 
be  expressed  as  functions  of  a  series  of  whole  numbers. 

Kayser  and  Runge  employ  the  formula, 

i    =  A  -  Bn-2  -  Cn-*, 
X 

in  which  X  is  the  wave-length.  A,  B,  and  C  are  constants 
determined  from  the  observations,  and  n  takes  the  values  of 
successive  whole  numbers. 

Rydberg  ^  on  the  other  hand,,  proposes  the  more  rational 
equation, 

109675 
""  =  ''">  -  (^tTFT?' 

in  which  m  takes  the  value  of  successive  whole  numbers,  n  is 
the  oscillation  frequency  expressed  as  the  number  of  waves 
per  centimetre,  /*  is  a  constant   characteristic  of  the  special 

1  Journ.  ahem.  Soc,  1883,  43,  390;  Phil.  Trans.,  1883,  174,  m  ;  Nature, 
1895,  52,  106;  British  Assoc,  1888,  1895;  Ann.  Physik,  1894,  52,  114. 
=  K.  Svenska  Veiensk.  Ahad.  Hand.,  1890,  23,  No.  II. 
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series,  and  %„  is  the  value  of  n  when  m  becomes  infinite ;  n^  ig 
thus  the  theoretical  limit  of  the  series,  and  is  termed  the 
convergence  frequency.  Series  of  this  kind  were  first  discovered 
in  the  spectrum  of  hydrogen  by  Balmer,^  but  they  are  best 
exemplified  by  the  spectra  of  the  alkali  metals,  all  of  which 
appear  to  be  of  the  same  type.  Thus,  the  arc-spectrum  of  sodium 
may  be  regarded  aa  consisting  of  a  large  number  of  pairs  of 
lines,  and  among  these  there  have  been  detected  three  series 
each  consisting  of  paired  lines.  The  first  of  these  is  called  the 
principal  series,  because  it  contains  the  most  important  and 
conspicuous  lines  of  the  spectrum.  It  consists,  in  the  case  of 
sodium,  of  numerous  pairs  of  lines,  the  frequency  difference 
between  the  members  of  the  pairs  becoming  smaller  as  the 
frequency  increases,  so  that  the  members  of  the  pairs  are  closer 
together  in  the  ultra-violet  than  in  the  visible  spectrum. 

The  second  is  called  the  Jirst  suhordmate  series,  or  since  the 
lines  are  diffuse,  the  nebulous  series  ;  it  consists  of  a  number  of 
pairs,  with  a  constant  frequency  difference  of  17"2  between  the 
members  of  the  pairs.  The  third  is  called  the  second  subordinate 
series  or  the  sharp  series;  the  lines  are  sharply  defined,  and 
there  is  a  constant  frequency  difference  of  17-2  between  the 
pairs. 

The  equations  given  by  Rydberg  for  the  less  refrangible  line 
of  the  pairs  in  these  three  series  are : 


Principal  series  n  —  41452'61  — 
Nebulous  series  n  =  24470'13  — 
Sharp    series         n  =  24470-13  — 


109675 


{m  -f  1-116329)'-' 

109675 
(m  +  0-64984/' 


10967; 


(m  +  0-988'436)2 


In  the  principal  series  the  more  refrangible  lines  of  the  pairs 
are  given  when  /Lt  =  1-117072 ;  in  the  other  series  fi  remains 
constant,  but  the  convergence  frequency  for  the  second  line  of 
the  pair  is  greater  by  17-2. 

These  formula  indicate  that  the  two  subordinate  series  have 
the  same  convergence  frequency,  and  further  bring  out  a  rela- 
tion of  great  importance  between  the  principal  series  and  the 
subordinate  series,  which  is  known  as  the  Rydberg-Schuster  law. 

1  Ann.  Phydk,  1885,  25,  80. 
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having  been  independently  discovered  by  these  two  observers. 
This  consists  in  the  fact  that  the  frequency  of  the  first  line  of 
the  principal  series  is  equal  to  the  difference  between  the  con- 
vergence frequencies  of  the  principal  and  subordinate  series.  Thus 
in  the  case  of  sodium  this  difference  is  41452'61 — 24470'18  = 
16982'48,  and  this  number  is  the  oscillation  frequency  of  the 
less  refrangible  D  line  (wave-length  589616).  Other  relationsalso 
exist  which  clearly  indicate  that  these  three  series  are  closely 
related  to  each  other  and  are  not  represented  merely  by  inde- 
pendent empirical  formulse.^ 

Similar  relations  are  found  in  the  spectra  of  the  other  alkali 
metals.  In  the  spectra  of  the  metals  magnesium,  calcium, 
strontium,  zinc,  cadmium,  and  mercury,  the  principal  series  are 
wanting,  or  only  very  scantily  represented,  but  in  all  these  cases 
the  nebulous  and  sharp  series  have  been  found,  each  composed 
of  triplets  of  lines  instead  of  the  pairs  present  in  the  spectra  of 
the  alkali  metals.  It  must  be  remembered  that,  as  a  rule,  the 
spectrum  contains  also  many  lines  which  do  not  fall  into  these 
series. 

In  other  cases,  such  as  tin,  lead,  arsenic,  antimony,  bismuth, 
&c.,  no  series  have  been  discovered,  but  numerous  groups  of 
lines  of  constant  frequency  difference  have  been  observed. 
Attempts  have  been  made  to  connect  the  existence  of  these 
various  relations  between  the  lines  of  a  spectrum  with  the  mode 
of  vibration  and  form  of  the  atom,  but  no  very  definite  success 
has  yet  been  attained.^ 

88  The  Spectra  of  Allied  Elements.— 'R&\&iions  also  un- 
doubtedly exist  between  the  spectra  of  allied  elements,  and 
this  is  well  seen  in  the  case  of  the  alkali  metals.  The 
resemblance  between  these  spectra  was  first  noticed  by  Lecoq 
de  Boisbaudran  in  1869,  the  general  effect  being  a  shifting  of 
the  lines  towards  the  red  as  the  atomic  weight  increases. 
Ramage^  has  carried  the  matter  somewhat  further  by  showmg 
that  the  oscillation  frequencies  of  the  corresponding  lines  m 
the  series  found  in  the  spectra  of  potassium,  rubidium,  and 
cffisium,  bear  a  simple  relation  to  the  squares  of  the  atomic 
weights  of  the  metals.     A  somewhat  similar  relation  has  been 

I  For  recent  work  on  spectral  series,  see  Hicks,  Phil.  Trans.,  ^'  l^'^^' 
210,  57  ;  1912,  A,  212,  33;  also  (Euvres  de  Walther  Ritz  (Gauthier-ViUars ; 
Paris,  1911). 

-  See  LinJemann,  The  Monid,  Jan.,  1906,  and  Salure,  1906,  73,  d9-. 

3  Proc.  Roy.  Soc,  1902,  70,  1,303. 
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brought  out  by  Marshall  Watts/  who  has  indicated  that  the 
atomic  weight  of  a  metal,  such  as  zinc,  may  be  calculated  from 
a  comparison  between  its  spectrum  and  that  of  an  allied  metal 
of  known  atomic  weight,  such  as  cadmium.  Such  a  calculation 
is  based  on  the  fact  that  the  differences  between  the  oscillation 
frequencies  of  corresponding  lines  in  the  two  spectra  are  in  the 
ratio  of  the  squares  of  the  atomic  weights  of  the  metals.  Thus 
taking  the  following  pairs  of  corresponding  lines, 


Cadmium. 


Zinc. 
825000.)  ,.^  ,„„^ 
32928-7  I  ^^^-^2^^' 


,  12511       (111'83)2 

Our  knowledge  of  the  whole  question  of  the  relations  between 
the  separate  lines  of  a  spectrum,  and  between  the  spectra  of 
different  elements,  is  still  in  a  very  rudimentary  state,  although 
the  question  is  one  of  the  most  interesting  in  the  whole  field  of 
chemical  and  physi3al  inquiry. 


APPLICATION    OF    THE    SPECTROSCOPE    TO 
CHEMICAL    ANALYSIS. 

89  This  instrument  is  especially  valuable  in  ordinary  quali- 
tative analysis  for  the  detection  of  the  metals  of  the  alkalis 
and  alkaline  earths,  and  of  the  more  recently  discovered  metals, 
thallium,  indium,  and  gallium,  inasmuch  as  the  salts  of  all 
these  metals  can  be  volatilised  in  the  non-luminous  gas-flame. 
The  following  extract  from  Bunsen  and  Kirchhoff's  memoir 
(1860)  on  this  subject  gives  some  idea  of  the  ease  and  accuracy 
with  which  the  presence  of  certain  of  these  metals  can  be 
detected,  and  leads  to  the  conclusion  that  the  sodium  salts  are 
universally  distributed : 

"  The  following  experiment  shows  that  the  chemist  possesses 
no  reaction  which  in  the  slightest  degree  will  bear  comparison 
as  regards  delicacy  with  this  spectrum  analytical  determina- 
tion of  sodium.  In  a  far  corner  of  our  experiment  room, 
the  capacity  of  which  was  about  sixty  cubic  metres,  we  burnt 

1  Phil.  May.,  1903,  5,  203.  For  application  of  tliis  relation-sliip  in  calculat- 
ing the  atomic  weiglit  of  radium,  see  Runge  and  Preoht,  Phil.  Mag.,  1903, 
5,  176 ;  Watts,  ibid.,  1909,  18,  411. 
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a  mixture  of  three  milligrams  of  chlorate  of  sodium  with 
milk  sugar,  whilst  the  non-luminous  colourless  flame  of  the 
lamp  was  observed  through  the  slit  of  the  telescope.  Within 
a  few  minutes,  the  flame,  which  gradually  became  pale  yellow, 
gave  a  distinct  sodium  line,  which,  after  lasting  for  ten  minutes, 
entirely  disappeared.  From  the  weight  of  sodium  salt  burned 
and  the  capacity  of  the  room,  it  is  easy  to  calculate  that  in  one 
part  by  weight  of  air  there  is  suspended  less  than 


1 


20,000,00(],00n 

of  a  part  of  soda  smoke.  As  the  reaction  can  be  observed 
with  all  possible  comfort  in  one  second,  and  as  in  this  time  the 
quantity  of  air,  which  is  heated  to  ignition  by  the  flame,  is 
found  to  be  only  about  50  cub.  cent.,  or  0'0647  gram  of  air, 
containing  less  than  2oo(»oo6boo  '^^  sodium  salt,  it  follows 
that  the  eye  is  able  to  detect  with  the  greatest  ease  quantities 
of  sodium  salt  less  than  ^  ^^^^  ,^  of  a  milligram  in  weight. 
With  a  reaction  so  delicate,  it  is  easy  to  understand  why  a 
sodium  reaction  is  almost  always  noticed  in  ignited  atmospheric 
air.  More  than  two-thirds  of  the  earth's  surface  is  covered  with 
a  solution  of  chloride  of  sodium,  fine  particles  of  which  are 
continually  being  carried  into  the  air  by  the  action  of  the 
waves.  These  particles  of  sea-water,  cast  thus  into  the  atmos- 
phere, evaporate,  leaving  almost  inconceivably  small  residues 
which,  floating  about,  are  almost  always  present  in  the  air,  and 
are  rendered  evident  to  our  eyes  in  the  sunbeams.  These 
minute  particles  perhaps  serve  to  supply  the  smaller  organised 
bodies  with  the  salt  which  larger  animals  and  plants  obtain 
from  the  ground.  In  another  point  of  view,  however,  the 
presence  of  this  chloride  of  sodium  is  of  interest.  If,  as  is 
scarcely  doubtful  at  the  present  time,  the  explanation  of  the 
spread  of  contagious  disease  is  to  be  sought  for  in  some  peculiar 
contact  action,  it  is  possible  that  the  presence  of  so  antiseptic 
a  substance  as  chloride  of  sodium,  even  in  almost  infinitely 
small  quantities,  may  not  be  without  influence  upon  such 
occurrences  in  the  atmosphere. 

"By  means  of  daily  and  long-continued  spectrum  observations 
it  would  be  easy  to  discover  whether  the  alterations  of  intensity 
in  the  line  Naa  produced  by  the  sodium  in  the  air  have  any 
connection  with  the  appearance  and  the  direction  of  march  of 
an  epidemic  disease. 

"The  unexampled  delicacy  of  the  sodium  reaction  explains 
also  the  well-observed  fact,  that  all  bodies  after  a  lengthened 
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exposure  to  the  air  show  the  sodium  line  when  brought  into  a 
flame,  and  that  it  is  only  possible  in  a  few  salts  to  get  rid 
of  the  line  even  after  repeated  crystallisation  from  water  which 
has  been  in  contact  with  platinum  only.  A  thin  platinum 
wire  freed  from  every  trace  of  sodium  salt  by  ignition  shows  the 
reaction  most  visibly  on  allowing  it  to  stand  for  a  few  hours  in 
the  air;  in  the  same  way  the  dust  which  settles  from  the  air  in 
a  room  shows  the  bright  line  Naa.  To  render  this  evident  it  is 
only  necessary  to  knock  a  dusty  book,  for  instance,  at  a  distance 
of  some  feet  from  the  flame,  when  a  wonderfully  bright  flash 
of  the  yellow  band  is  seen." 

In  like  manner  the  metal  lithium  before  the  year  1860  was 
known  to  exist  only  in  a  few  rare  minerals.  It  is  now  ascer- 
tained that  lithium  compounds  are  most  widely  distributed, 
occurring  not  only  in  every  mineral  spring,  but  in  river  and 
sea-water,  in  the  juices  of  almost  every  plant,  and  even  in 
human  blood  and  muscular  tissue. 

Again,  to  quote  from  Bunsen's  Memoir :  "  Minerals  contain- 
ing lithium,  such  as  triphylline,  triphane,  petalite,  and  lepidolite 
require  only  to  be  held  in  the  flame  in  order  to  obtain  the 
bright  line  in  the  most  satisfactory  manner.  In  this  way  the 
presence  of  lithium  in  many  felspars  can  be  directly  detected 
as,  for  instance,  in  the  orthoclase  from  Baveno.  The  line  is 
only  seen  for  a  few  moments,  directly  after  the  mineral  is 
brought  into  the  flame.  In  the  same  way  the  mica  from 
Altenburg  and  Penig  was  found  to  contain  lithium,  whereas 
micas  from  Miask,  Aschaffenburg,  Modum,  Bengal,  Pennsyl- 
vania, &c.,  were  found  to  be  free  from  this  metal.  In  natural 
silicates  which  contain  only  small  traces  of  lithium  this 
metal  is  not  observed  so  readily.  The  examination  is  best 
conducted  as  follows :  a  small  portion  of  the  substance  is 
digested  and  evaporated  with  hydrofluoric  acid  or  fluoride  of 
ammonium,  the  residue  moistened  with  sulphuric  acid  and 
heated,  the  dry  mass  being  dissolved  in  absolute  alcohol.  The 
alcoholic  extract  is  then  evaporated,  the  dried  mass  again  dis- 
solved in  alcohol,  and  the  extract  allowed  to  evaporate  on  a 
shallow  glass  dish.  The  solid  pellicle  which  remains  is  scraped 
off  with  a  fine  knife,  and  brought  into  the  flame  by  the  thin 
platinum  wire.  For  one  experiment  i^th  of  a  milligram  is 
in  general  quite  a  sufficient  quantity.  Other  compounds  besides 
the  silicates,  in  which  small  traces  of  lithium  require  to  be 
detected,  are  transformed  into  sulphates  by  evaporation  with 
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sulphuric  acid  or  otherwise,  and  then  treated  in  the  manner 
described. 

"In  this  way  we  arrive  at  the  unexpected  conclusion  that 
lithium  is  most  widely  distributed  throughout  nature,  occurring 
in  almost  all  bodies.  Lithium  was  easily  detected  in  forty  cubic 
centimetres  of  water  of  the  Atlantic  Ocean,  collected  in  41°  41' 
N.  latitude  and  39°  14'  W.  longitude. 

"  Ashes  of  marine  plants  (kelp)  driven  by  the  Gulf  Stream 
on  to  the  Scottish  coasts  contain  evident  traces  of  this  metal. 
All  the  orthoclase  and  quartz  from  the  granite  of  the  Odenwald 
which  we  have  examined  contains  lithium.  A  very  pure  spring 
water  from  the  granite  in  Schleierbach,  on  the  west  side  of  the 
valley  of  the  Neckar,  was  found  to  contain  lithium,  whereas  the 
water  from  the  red  sandstone  which  supplies  the  Heidelberg 
laboratory  was  shown  to  contain  none  of  this  metal.  Mineral 
Avaters,  in  a  litre  of  which  lithium  could  hardly  be  detected 
according  to  the  ordinary  methods  of  analysis,  gave  the  line 
Lia  even  if  only  a  drop  of  the  water  on  a  platinum  wire  were 
brought  into  the  flame.  All  the  ashes  of  plants  growing  in  the 
Odenwald  on  a  granite  soil,  as  well  as  Russian  and  other  potashes, 
contain  lithium. 

"Even  in  the  ashes  of  tobacco,  in  vine  leaves,  in  the  wood 
of  the  vine  and  in  the  grapes,  as  well  as  in  the  ashes  of  the 
crpps  grown  on  the  Rhine  plains  near  Waghausel,  Deidesheim, 
and  Heidelberg,  on  a  non-granite  soil,  was  lithium  found.  The 
milk  of  the  animals  fed  on  these  crops  also  contains  this  widely 
diflfused  metal." 

go  Discovery  of  Nevi  Elements.  The  discovery  by  Bunsen  of 
two  new  alkali  metals  in  the  mineral  water  of  Diirkheim,! 
was  one  of  the  first  results  of  the  application  of  the  spectroscope 
to  chemical  analysis.  Both  these  new  elements  are  con- 
tained in  the  mineral  water  in  extremely  small  quantities,  so 
that  44,000  kilos,  of  the  water  had  to  be  evaporated  in  order 
to  obtain  16-5  grams  of  the  mixed  chlorides.  The  first  of  these 
new  metals  yields  a  spectrum  distinguished  by  two  splendid 
bright  blue  lines,  and  hence  the  name  Caesium  {caesius,  the  blue 
colour  of  the  sky)  was  given  to  it.  The  second  new  metal  is 
characterised  by  a  spectrum  which  contains  a  bright  red  line, 
less  refrangible  than  the  potassium  line  Ka,  and  also  a 
line  in  the  violet.  As  the  red  line  is  the  one  by  which  the 
presence  of  this  metal  can  be  most  readily  and  certamly 
1  For  an  analysis  of  this  water  see  Vol.  I.,  p.  326. 
VOL.  II.  M 
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detected,  Bunsen  gave  to  it  the  name  of  Richidium  (nohidus, 
dark-red). 

Since  this  discovery  in  1860,  chemists  have  recognised  the 
presence  of  both  these  metals  in  very  varied  situations ;  one  of 
them,  rubidium,  being  comparatively  widely  distributed,  and 
found  in  very  many  mineral  waters.  Thus,  for  example,  the 
celebrated  water  of  Bourbonne-les- Bains  contains  0'082  gm.  of 
csesium  chloride,  and  O'OIO  gm.  of  rubidium  chloride  in  one 
litre  of  water;  whilst  in  the  well-known  springs  of  Vichy, 
Gastein,  Nauheim,  Karlsbrunn,  and  many  more,  either  one  or 
both  of  these  new  metals  have  been  discovered.  Rubidium  has 
been  found  to  be  more  widely  diffused  than  csesium,  occurring 
in  animate  as  well  as  in  inanimate  nature.  It  has  been  found 
in  beetroot,  in  tobacco,  in  the  ash  of  the  oak  (Que7~cus  pulescens), 
in  coffee,  in  tea,  and  in  cocoa. 

In  their  general  chemical  characters,  as  in  their  spectroscopic 
relations,  these  two  new  metals  exhibit  the  closest  analogy  with 
potassium.  So  much  so  is  this  the  case,  that  without  the 
aid  of  the  spectroscope,  and  the  differences  which  the  spectra 
of  these  three  metals  present,  it  was  absolutely  impossible 
to  distinguish  between  them.  Chemists  had,  in  fact,  ex- 
perimented upon  csesium  but  had  mistaken  it  for  potassium. 
(See  under  Csesium.) 

Soon  after  the  discovery  of  the  new  alkali  metals  by  Bunsen, 
Crookes,  in  1861,  proved  the  presence  of  a  new  metal  in  a 
seleniferous  deposit  from  a  sulphuric  acid  chamber  at  Tilke- 
rode  in  the  Harz.  To  this  new  element  he  gave  the  name  of 
Thallium,  from  thalhis,  a  young  twig,  owing  to  the  bright  green 
colour  which  this  substance  and  its  compounds  impart  to  the 
non-luminous  flame.  The  spectrum  of  thallium  is  a  simple  one, 
consisting  of  one  bright  green  line  (Tla),  with  a  wave-length 
of  5349.  Thallium  has  since  been  shown  to  occur  frequently 
in  iron  pyrites  and  several  other  minerals,  so  that  it  is  a  some- 
what widely  distributed  element.  It  exhibits  very  remarkable 
and  interesting  chemical  properties,  since  in  certain  respects  it 
closely  resembles  the  metals  of  the  alkalis,  whilst  in  others  it 
more  nearly  approaches  the  heavy  metal  lead.  Hence  thallium 
was  very  appropriately  termed  by  Dumas  the  ornithorhynchus 
amongst  the  metals. 

A  fourth  new  metal  was  discovered  in  the  year  1864,  by  Reich 
and  Richter,  in  Freiberg.  They  gave  to  this  substance  the  name 
of  Indium,  owing  to  the  fact  that  it  imparts  a  dark-blue  or  indigo 
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tint  to  the  flame,  and  its  spectrum  consists  of  two  indigo-coloured 
lines.  It  has  been  found,  although  in  small  quantities  onlj',  in 
the  zinc  blendes  from  Freiberg,  Goslar,  and  a  few  other  places. 

In  1875,  Lecoq  de  Boisbaudran  found  another  new  metal  in 
zinc  blendes  from  the  Pyrenees.  To  this  substance  he  gave  the 
name  of  Gallium.  Its  spectrum  consists  of  two  violet  lines, 
which  are  best  seen  in  the  arc  spectrum.  The  brightest 
of  these  lines  has  a  wave-length  of  4172,  the  second  line 
having  a  wave-length  of  4033. 

The  application  of  spectrum  analysis  to  the  study  of  the  rare 
earths  has  made  us  acquainted  with  a  very  large  number  of 
new  substances,  among  which  may  be  mentioned  scandium, 
ytterbium,  and  samarium,  although  it  is  not  yet  certain  that 
all  these  are  individual  substances.  Of  surpassing  interest  is 
Ramsay's  discovery  of  helium  (1895)  in  the  gas  evolved  by  the 
action  of  sulphuric  acid  on  cl^veite,  a  rare  uranate  of  uranyl, 
lead,  and  the  rare  earths.  The  gas  evolved  in  this  reaction  was 
supposed  by  certain  observers  to  be  nitrogen,  but  examination 
showed  that  its  emission  spectrum  differed  entirely  from  that 
of  nitrogen,  and  was  characterised  by  a  double  yellow  line  of 
wave-length  5876  which  occupies  the  same  place  in  the 
spectrum  as  a  double  dark  line  in  the  solar  spectrum.  This 
solar  line  had  been  observed  previously,  and  since  it  did  not 
coincide  with  a  bright  line  of  any  known  element,  had  been 
ascribed  by  Lockyer  to  an  element,  which  he  named  helium, 
since  it  occurred  in  the  sun  but  not  in  the  earth.  Further 
investigations  have  shown  that  the  gas  in  question  contains 
this  solar  element,  which  is  present  also  in  the  terrestrial 
atmosphere  (Vol.  I.,  p.  931). 


ABSORPTION    SPECTRA. 

91  In  accordance  with  the  important  optical  law  known 
as  the  law  of  exchanges,  every  incandescent  body  is  capable 
of  absorbing,  at  the  same  temperature,  exactly  those  kmds 
of  rays  which  it  emits.  Hence  a  glowing  body  which  yields 
a  continuous  spectrum  exhibits,  at  the  same  temperature,  a 
continuous  absorption,  whilst  those  bodies  the  emission  spectra 
of  which  are  broken  or  discontinuous  yield,  under  similar  con- 
ditions of  temperature,  absorption  spectra  which  are  m  like 
manner    broken  or   discontinuous.     This    selective   absorptive 
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action  of  glowing  gases  is  strikingly  shown  in  the  case  of 
sodium  vapour.  If  a  small  piece  of  this  metal  is  burnt  in  an 
iron  cap  in  front  of  the  slit  of  the  spectroscope  the  bright  yellow 
sodium  lines  will  at  first  be  seen  (No.  2,  Fig.  22),  but  they  will 
soon  be  replaced  by  two  dark  lines  which  are  exactly  coincident 
with  the  bright  yellow  lines,  and  are  seen  upon  a  background 
of  a  bright  continuous  spectrum  (No.  1,  Fig.  22).  The  sodium 
spectrum  has  thus  been  reversed,  inasmuch  as  the  yellow  rays 
in  passing  through  the  sodium  vapour  have  been  absorbed, 
whilst  the  particles  of  glowing  oxide  of  the  metal  yield  a 
continuous  spectrum.  Sodium  vapour  is  opaque  to  the  yellow 
D  rays.  In  a  similar  way  the  bright  lines  of  the  emission 
spectra  of  lithium,  calcium,  strontium,  barium,  as  well  as  of 
magnesium,  copper,  and  several  other  heavy  metals,  have  been 
reversed,  or  the  absorption  spectra  of  these  metals  have  been 
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Fig.  22. 

obtained.  The  numerous  fine  black  lines  seen  in  the  solar 
spectrum,  and  known  as  Fraunhofer's  lines,  are  produced  by  the 
reversal  of  the  spectra  of  hydrogen,  sodium,  calcium,  iron, 
magnesium,  and  other  metals  which  are  present  in  the  state  of 
luminous  gas  in  the  solar  atmosphere. 

This  selective  absorption  is  exhibited  by  nearly  all  substances 
in  some  portions  of  the  spectrum,  although  in  many  cases  it  is 
confined  to  the  non-visible  region.  The  dark  absorption  bands 
seen  when  white  light  passes  through  the  vapour  of  iodine 
(No.  1,  Fig.  23),  and  those  first  observed  by  Brewster  in  the  red 
fumes  of  nitrogen  peroxide  (No.  2,  Fig.  23),  are  good  examples 
of  this  selective  absorptive  power  of  gases.  Even  some  colour- 
less gases,  such  as  aqueous  vapour,  possess  a  strong  power 
of  selective  absorption  when  a  column  of  sufficient  depth 
is  examined  (Rain-band) 
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In  addition  to  the  production  of  bands  and  lines,  there  is 
often  a  general  absorption,  extending  over  a  considerable  extent 
of  the  spectrum.  The  measurement  of  the  exact  position,  extent, 
and  character  of  the  absorption  bands  is  a  matter  of  consider- 
able difficulty,  since  they  are  often  diffuse,  with  badly  defined 


Fig.  23. 


edges.    In  such  cases  the  position  of  maximum  absorption  must 
be  found  by  photometric  measurement,  and  a  series  of  observa- 
tions must  be  made  on  different  thicknesses  of  the  substance  in 
order  to  ascertain  how  the  bands  vary  in  intensity  and  extent. 
The  arrangement  shown  in  Fig.  24  is  one  which  may  be  used 


Fig.  24. 

for  examining  the  absorption  spectra  of  gases  by  means  of  a 
direct-vision  spectroscope.  . 

The  absorption  spectrum  of  a  substance,  when  exammed  at  a 
lower  temperature  than  that  at  which  the  bright  Ime  spectrum 
is  obtained,  is  not,  as  a  rule,  identical  with  the  emission  spectrum 
Thus  the  dark  absorption  lines  seen  in  chlorine  are  not  identical 
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with,  or  even  aualogous  to,  the  bright  lines  of  the  emission 
spectrum  of  chlorine. 

The  dark  absorption  bands  of  iodine,  on  the  other  hand, 
correspond  with  the  emission  band  spectrum  obtained  at  a  low 
pressure  in  a  Geissler  tube  and  also  in  the  flame. 

Characteristic  absorption  spectra  are  shown  in  the  visible 
region  also  by  coloured  liquids  and  solutions,  whilst  many 
liquids  which  appear  perfectly  colourless  produce  selective 
absorption  in  the  ultra-violet  or  infra-red. 

92  According  to  the  theory  of  electrolytic  dissociation,  salts  in 
dilute  aqueous  solution  are  almost  completely  ionised,  and 
Ostwald  pointed  out  that  it  follows  from  this  that  the  colour 
and  absorption  of  dilute  solutions  must  be  due  to  the  presence 
of  a  particular  "colour-producing"  ion.  The  absorption  of 
dilute  solutions  of  all  salts  yielding  the  same  coloured  ion 
should  therefore  be  the  same,  whilst  in  more  concentrated 
solutions  the  absorption  would  be  due  both  to  the  undissociated 
molecules  and  to  the  ions,  and  would  therefore  be  modified  in 
character. 

The  fact  that  the  different  salts  of  a  metal  may  show 
absorption  spectra  which  differ  in  certain  respects  was  observed 
in  1866  by  Bunsen  in  the  case  of  didymium,  and  has  been 
established  for  neodymium  and  praseodymium,  the  constituents 
into  which  Bunsen's  didymium  has  since  been  resolved,  and  for 
many  other  salts.  Dilution  of  the  solutions  of  these  salts, 
however,  does  not  invariably  bring  about  complete  identity  of 
absorption,  and  a  striking  instance  of  this  is  afforded  by  the 
metallic  nitrates,  each  of  which  shows  a  characteristic  absorption 
spectrum  in  the  ultra-violet,  differing  according  to  the  metal 
which  is  present  (Hartley). 

In  other  cases,  examples  of  which  are  the  bromide,  chloride, 
nitrate,  and  sulphate  of  copper  (Ewan),  and  the  metallic 
permanganates  (Vaillant),  the  absorption  spectra  of  the  different 
salts  are  practically  identical,  and  are  not  greatly  altered  by 
dilution,  although  the  dissociation  is  thereby  increased. 

It  is  evident  that  the  absorption  produced  by  aqueous 
solutions  of  salts  is  a  very  complex  phenomenon,  the  complete 
analysis  of  which  has  not  yet  been  effected.^ 

93  Solutions  of  metallic  salts  are  not  the  only  liquids  which 
exhibit   this  power   of    selective   absorption.      Many   organic 

1  See  Baly's  Spectroscopy,  1912  edition,  p.  466 ;  also  Houstoun,  Proc.  Roy. 
Soc.  Edin.,  1911,  31,  521-558. 
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liquids  possess  it  in  a  high  degree,  and  by  this  means  com- 
plicated liquids  of  animal  and  vegetable  origin  can  be  easily- 
distinguished  when  no  other  method  is  available.  As  an 
example  of  selective  absorption  in  organic  liquids,  the  spectrum 
reaction  of  blood  may  be  cited.  No.  1,  Fig.  25,  exhibits 
the  two  dark  bands,  situated  between  Fraunhofer's  D  and  E, 
seen  in  oxidised  blood,  and  due  to  oxyhcemoglobin.  No,  2  on 
the  same  figure  shows  the  absorption  spectrum  of  deoxidised 
or  venous  blood,  consisting  of  one  dark  band.  By  the  action  of 
an  acid  on  blood,  the  oxyhsemoglobin  is  converted  into  hsematin, 
yielding  a  different  absorption  spectrum.  The  hsematin,  like 
the  oxyhaemoglobin,  is  capable  of  undergoing  oxidation  and 
reduction.  The  absorption  bands  of  hsematin  are  shown  in 
Nos.  3  and  4,  Fig.  25.     Another  interesting  fact  is  that  the 
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blood,  when  it  contains  very  small  quantities  of  carbon 
monoxide  in  solution,  exhibits  a  very  characteristic  set  of 
absorption  bands.  Carbon  monoxide  acts,  however,  as  a  very 
violent  poison,  and  these  bands  are  seen  in  the  blood  of  animals 
which  have  been  suffocated  in  the  fumes  of  burning  charcoal. 
In  the  same  way,  the  peculiar  compound  which  hsemoglobm 
forms  with  hydrocyanic  acid  yields  a  characteristic  absorption 
spectrum.  The  instrument  with  which  these  absorption  spectra 
can  be  observed  with  extremely  small  quantities  of  the  liquids 
is  a  spectroscope  placed  in  connection  with  a  microscope. 


The 
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eyepiece  contains  prisms  so  arranged  that  the  refracted  rays 
pass  in  a  straight  line  from  the  object  into  the  eye.  Such 
spectroscopes  are  termed  direct-vision  instruments,  and  arc  very 
portable  and  useful  forms  of  the  apparatus.  This  instrument, 
in  the  hands  of  Sorby,  has  proved  capable  of  detecting  t^jj-^ 
part,  of  a  grain  of  blood  in  a  blood-stain. 

The  same  observer  states  that  wines  of  different  vintages 
may  be  distinguished  by  a  variation  in  their  respective 
absorption  spectra.^ 

Many  substances  which  are  transparent  to  ordinary  light 
show  very  characteristic  absorption  bands  in  the  ultra-violet 
or  infra-red  portions  of  the  spectrum.  Thus  Abney  and 
Festing^  have  ascertained  the  position  of  the  bands  and  lines 
produced  in  the  infra-red  spectrum  by  many  elements  and 
groups  of  elements  and  radicals,  whilst  Hartley^  has  shown 
that  the  aromatic  compounds  are  characterised  by  well-marked 
absorption  bands  in  the  ultra-violet,  the  position  of  the  bands 
being  intimately  connected  with  the  constitution  of  the 
substance.  He  has  even  been  able  to  decide  between  several 
possible  constitutional  formulse  for  a  substance  by  the  character 
of  its  ultra-violet  absorption  spectrum.* 


COMPOSITION  OF    THE    SOLAR   ATMOSPHERE. 

94  When  sunlight  is  allowed  to  fall  upon  the  slit  of  a  spec- 
troscope, the  solar  spectrum  thus  obtained  is  observed  to  differ 
essentially  from  the  spectra  which  we  have  hitherto  considered. 
A  bright  band  is  seen  stretching  from  red  to  violet,  but  this 
band  is  cut  up  by  a  very  large  number  of  fine  black  lines. 
These  lines  are  always  present,  and  always  occupy  the  same 
relative  position  in  the  solar  spectrum — they  are,  in  fact,  shadows 
in  the  sunlight.  They  were  originally  noticed  by  Wollaston,  but 
first  carefully  mapped  by  Fraunhofer,  the  principal  lines  being 
designated  by  him  with  the  letters  of  the  alphabet.  Fig.  26  is 
a  reduced  facsimile  of  Fraunhofer's  original  map. 

The  cause  of  these  dark  solar   lines   was  long  a  mystery. 

1  Ohem.  NewK,  1869,  20,  295.  ^  p^g^_  j^^y  ^^^  _  jggj^  gj^  41g 

s  Jonrn.  Chem.  Soc,  1883,  47,  685  ;  1888,  53,  64). 

"  See  Hartley,  "  Relation  between  Absorption  and  Constitution  of  Organic 
Substances,"  Kayaer,  Handbuch  der  Specfroxcopie,  vol.  ii.  chap.  3  (Hirzel, 
Leipzig,  1905),  where  a  detailed  account  of  this  subject  is  given ;  also  Baly's 
Spectroscopy,  1912  edition. 
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Fraunhofer,  finding  that  sunlight,  both  direct  and  reflected  as 
moonlight,  always  gave  the  same  lines,  whereas  the  light  of  the 


fixed  stars  contained  different  dark  lines,  came  to  the  conclu- 
sion in  1814  that  these  dark  lines  were  produced  in  the  solar 


170  SPECTRUM   ANALYSIS 

atmosphere,  and  not  by  the  passage  of  the  light  through  the 
intervening  space,  or  through  our  own  atmosphere. 

It  was  not  until  the  year  1860  that  the  true  cause  of  the 
production  of  these  lines  was  first  clearly  proved  by  Kirchhoff, 
although  the  same  cause  had  already  been  suggested  by  Stokes 
as  a  possibility.  Kirchhoff  was  engaged  in  the  comparison  of 
the  bright  lines  of  certain  metallic  spectra  with  the  dark  lines 
in  the  sun.  To  his  astonishment  he  found  that  all  the  bright 
lines  of  such  metals  as  iron,  calcium,  and  magnesium  have  dark 
representatives  of  the  solar  spectrum.  Not  only  has  each  bright 
metal  line  a  dark  one  coincident  with  it,  but  the  breadth  and 
intensity  of  the  bright  metal  line  are  as  a  rule  reproduced  in  the 
dark  line  of  the  solar  spectrum ;  this  may  be  seen  by 
allowing  a  solar  and  a  metallic  spectrum  to  fall  one  below  the 
other  in  the  field  of  the  telescope.  Other  metals,  for  instance, 
gold  and  antimony,  exhibit  no  such  coincidences  ;  not  a  single 
bright  line  of  these  is  found  coincident  with  a  dark  solar  line. 
It  is  clear,  therefore,  that  there  must  be  some  kind  of  connection 
between  the  bright  lines  of  metals  of  the  former  class  and  the 
dark  solar  lines.  Such  coincidences  cannot  possibly  be  the 
result  of  mere  chance. 

We  have  already  seen  that  the  spectrum  of  sodium  can  be 
reversed.  By  passing  the  light  from  incandescent  sodium 
through  the  vapour  of  the  metal,  the  bright  yellow  double  line 
is  changed  to  a  dark  one.  If  the  solar  atmosphere  contained  the 
vapours  of  sodium,  of  iron,  of  magnesium,  of  calcium,  &c.,  in 
the  state  of  glowing  gas,  and  if  white  light  from  the  incan- 
descent mass  beneath  passed  through  these  vapours,  the  effect 
produced  would  be  exactly  that  which  is  in  fact  observed.  The 
coincidence  of  the  dark  solar  lines  with  the  Iright  iron  lines 
may  therefore  be  attributed  to  the  presence  of  iron  in  the  sun's 
atmosphere. 

"As  this  is  the  only  assignable  cause,  the  supposition 
appears  to  be  a  necessary  one.  These  iron  vapours  might  be 
contained  either  in  the  atmosphere  of  the  sun  or  in  that  of  the 
earth.  But  it  is  not  easy  to  understand  how  our  atmosphere 
can  contain  such  a  quantity  of  iron  vapour  as  would  produce 
the  very  distinct  absorption-lines  which  we  see  in  the  solar 
spectrum ;  and  this  supposition  is  rendered  still  less  probable 
by  the  fact  that  these  lines  do  not  appreciably  alter  when  the 
sun  approaches  the  horizon.  It  does  not,  on  the  other  hand, 
seem  at  all  unlikely,  owing  to  the  high  temperature  which  we 


COMPOSITION  OF  THE  SUN'S  ATMOSPHERE 


171 


must  suppose  the  sun's  atmosphere  to  possess,  that  such  vapours 
should  be  present  in  it.  Hence  the  observations  of  the  solar 
spectrum  appear  to  me  to  prove  the  presence  of  iron  vapour  in 
the  solar  atmosphere  with  as  great  a  degree  of  certainty  as  we 
can  attain  in  any  question  of  physical  science  "  (Kirchhoff). 

By  observing  the  coincidences  of  the  dark  solar  lines  with  the 
bright  lines  of  terrestrial  elements  we  may  deduce  the 
constituents  of  the  solar  atmosphere.  The  elements  the  exist- 
ence of  which  in  the  sun  has  now  been  ascertained,  thanks 
to  the  labours  of  Kirchhofif,  Angstrom,  ThaMn,  Lockyer,  Kayser, 
Runge,  and  Rowland,  are  the  following : 


Elements  contained  in,  the  I 

Pirn's  Atmospher 

Aluminium. 

Helium. 

Palladium. 

Barium. 

Hydrogen. 

Rhodium. 

Cadmium. 

Iron. 

Scandium. 

Calcium. 

Lanthanum. 

Silicon. 

Carbon. 

Lead. 

Silver. 

Cerium. 

Magnesium. 

Sodium. 

Chromium. 

Manganese. 

Strontium. 

Cobalt. 

Molybdenum. 

Tin. 

Columbium. 

Neodymium. 

Titanium. 

Copper. 

Nickel. 

Vanadium. 

Erbium. 

Nitrogen  (as 

Yttrium. 

Germanium. 

cyanogen). 

Zinc. 

Glucinum. 

Oxygen. 

Zirconium. 

Presence  Doubtful. 

Iridium. 

Potassium. 

Thorium. 

Lithium. 

Ruthenium. 

Tungsten. 

Osmium. 

Tantalum. 

Uranium. 

Platinum. 

The  solar  corona  yields  a  spectrum  of  bright  lines,  none  of 
which  have  as  yet  been  identified  with  the  lines  of  any 
terrestrial  spectrum. 


STELLAR    SPECTRA. 

95   In   a   similar  way  W.  Allen  Miller  and  Huggins  have 
succeeded  in  proving  that  various  elements,  including  hydrogen, 
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sodium,  calcium,  magnesium,  iron,  occur  in  the  atmosphere  of 
the  star  Aldebaran,  whilst  other  stars  have  been  shown  to 
contain  other  elements.  The  photographic  mode  of  record 
was  applied  by  Huggins  to  the  spectra  of  stars,  and  has 
yielded  permanent  pictures  of  the  dark  lines  in  the  stellar 
spectra  drawn  by  nature  herself. 

From  the  observations  of  Secchi  and  others  it  appears  that 
the  stars  may  be  divided  into  four  main  classes  according  to  the 
general  nature  of  the  spectra  which  they  present.  In  those  of 
the  first  class,  metallic  vapours  are  not  conspicuous,  the  spectra 
being  characterised  mainly  by  strong  dark  lines  corresponding 
in  position  to  the  bright  lines  of  hydrogen,  as  is  the  case  in 
Sirius,  Vega,  and  most  white  stars.  In  some  of  the  stars  of 
this  class,  dark  lines  of  helium,  oxygen,  nitrogen,  silicon,  and 
carbon  are  present.  The  second  group  contains  the  yellow  stars 
such  as  Pollux,  Capella,  Aldebaran,  &c.,  the  spectra  of  which  resem- 
ble that  of  the  sun,  containing  numerous  dark  lines  due  not  only  to 
hydrogen,  but  also  to  metals.  The  members  of  the  third  group, 
which  comprises  the  red  stars  such  as  Betelgeux  and  a  Herculis, 
in  addition  to  some  dark  lines  show  fluted  spectra,  which  have 
been  found  to  be  due  to  the  presence  of  titanium  oxide  ^  in 
their  atmospheres.  Stars  of  the  fourth  type  exhibit  fluted 
spectra  due  to  some  compound  of  carbon  in  the  incandescent 
state.  Apart  from  the  classification  just  given  there  are  a  few 
stars,  such  as  /3  Lyra  and  7  Cassiopeiae,  which  exhibit  bright 
line  spectra.  Nebulae  show,  as  a  rule,  very  simple  spectra  of 
bright  lines,  among  them  those  of  hydrogen  and  helium, 
together  with  others  not  yet  identified. 

The  simpler  a  spectrum  is,  the  simpler  must  be  the  composi- 
tion of  the  body  which  yields  that  spectrum.  Arguing  upon 
these  premisses,  Lockyer  concludes  that  the  atmospheres  of  the 
whiter  stars  contain  the  fewer  elements  and  those  of  smaller 
atomic  weight,  and  that  as  the  peculiar  colour  of  the  star 
becomes  more  distinct  its  atmosphere  becomes  more  com- 
plicated. These  results,  coupled  with  the  well-known  fact  that 
dissociation  of  chemical  compounds  uniformly  takes  place  if  the 
temperature  is  only  sufficiently  high,  have  led  Lockyer  to 
suggest  that,  the  heat  being  greatest  in  the  white  stars,  their 
simple  spectra  can  be  best  explained  by  the  existence  of  a 
temperature  sufficient  to  dissociate  the  substances  to  which  on 

I  Fowler,  Monthly  Notices,  Roy.  Aatronom.  Soc,  1909,  69,  508. 
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this  earth  we  give  the  name  of  elementary  bodies.^  Recent 
research,  however,  makes  it  increasingly  probable  that  all  the 
lines  in  celestial  spectra  will  ultimately  be  identified  with  those 
of  terrestrial  spectra.^ 

'  Sec  further,  Roscoe's  Lecturer  on  Spectrum  Aimlyds  (4th  edition, 
Macmillan,  1885);  Lockyer,  Ghemhtry  of  the.  Sim  (Ma.cim}lstn,l?,Sl),  Inorganic 
Evolution  as  Studied  hy  Spectrum  Analysis  (Macmillan,  1900),  Proc.  Roy.  Soc, 
1887,  42,  37  ;  1888,  43,  117  ;  1910,  A,  84,  426. 

2  See  Nature,  1912,  90,  466. 
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CEYSTALLOGEAPHY. 

96  When  a  chemical  substance  passes  from  the  gaseous  or 
the  liquid  state  into  that  of  a  solid,  it  generally  assumes  a 
definite  geometrical  form,  and  is  said  to  crystallise. 

A  crystal  is  a  solid  body,  formed  in  this  way,  and  bounded  by 
plane  surfaces.  As  a  rule,  every  chemical  substance  in  the  solid 
state  possesses  a  distinct  form  in  which  it  usually  crystallises 
and  by  which  it  can  be  distinguished. 

The  occurrence  of  various  mineral  substances  in  distinct 
crystalline  forms  was  noticed  by  the  ancients,  and  they  gave  the 
name  crystal  {Kpiia-TaWos,  ice)  to  one  of  these,  viz.,  to  quartz  or 
rock-crystal,  because  they  believed  that  this  body  owed  its  for- 
mation to  the  effect  of  cold.  The  Latin  Geber  was  aware  that 
crystals  can  be  obtained  artificially  by  the  evaporation  of  a 
solution  of  a  salt.  He  describes  the  production  of  several 
chemical  compounds  in  the  crystalline  condition,  and  shows 
how  they  may  be  purified  by  recrystallisation.  Many  years, 
however,  elapsed  before  this  property  of  matter  was  regarded 
as  anything  more  than  an  unimportant  one.  Libavius,  it  is 
true,  asserted  in  the  year  1597  that  the  nature  of  the  saline 
components  of  a  mineral  water  could  be  ascertained  by  an 
examination  of  the  crystalline  forms  of  the  salts  left  on  the 
evaporation  of  the  water.  But  so  imperfect  were  the  views 
regarding  the  formation  of  crystals  that  Lemery  classified  them 
simply  according  to  their  thickness,  believing  that  this  was 
dependent  upon  the  size  of  the  ultimate  particles  of  the  acids 
contained  in  the  salts.  In  the  year  1703,  Stahl  pointed  out 
that  the  compounds  obtained  by  the  action  of  acids  upon  sea- 
salt  crystallised  in  forms  different  from  those  assumed  by  the 
corresponding  compounds  of  potash,  and  hence  he  concluded 
that  sea-salt  contained  a  peculiar  alkali,  distinct  from  the  common 
alkali  potash.     Guglielmini  appears  to  have  held  inuch  more 
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rational  views  than  Lemery  concerning  the  formation  of  crystals. 
In  his  Bissertatio  de  Salibus,  published  in  1707,  he  asserts  that 
the  smallest  particles  possess  definite  crystalline  forms,  and 
that  the  differences  in  form  which  we  observe  between  the 
crystals  of  alum,  nitre,  and  sea-salt  are  caused  by  similar  differ- 
ences existing  between  the  forms  of  the  smallest  particles. 

It  is,  however,to  Haiiy  (1743 — 1822),  that  we  are  indebted 
for  the  foundations  of  the  science  of  crystallography.  Haiiy  was 
the  first  to  point  out  the  fact  that  every  crystalline  substance 
possesses  certain  definite  and  characteristic  forms  in  which  it 
crj'^stallises,  and  that  all  these  different  forms  can  be  derived  from 
one  fundamental  form  which  can  be  ascertained  by  measure- 
ment of  the  angles  of  the  crystal.  Upon  this  principle  he 
founded  in  1801  his  celebrated  system  of  the  classification  of 
minerals. 

General  Characteristics  of  Crystals-. — A  crystal  of  any  sub- 
stance is  characterised,  in  the  first  place,  by  its  special 
geometrical  form,  and,  in  the  second  place,  by  its  physical 
properties,  both  of  which  we  must  suppose  to  be  due  to  the 
special  mode  of  arrangement  of  the  particles  of  which  the  crys- 
tal is  built  up.  In  an  amorphous,  or  non-crystalline,  substance 
the  physical  properties  are  as  a  rule  the  same  in  every  direction 
throughout  its  mass,  whilst  in  a  crystalline  substance  this 
cannot  be  the  case  for  all  of  them.  Thus,  for  example,  under 
ordinary  conditions  light  travels  through  a  piece  of  glass  at  the 
same  rate  in  whatever  direction  it  may  happen  to  pass,  whilst 
in  a  crystal  of  quartz  or  caicspar  the  rate  is  different  in  different 
directions.  The  physical  properties  are  even  more  character- 
istic of  a  crystalline  substance  than  the  geometrical  form  which 
it  assumes,  and  can  be  recognised  in  fragments  of  the  substance 
in  which  the  characteristic  crystalline  form  may  be  quite  un- 
recognisable. 

Parts  of  a  Crystal;  Faces,  Edges,  Corners,  and  Zones.— k. 
typical  crystal  of  quartz  or  rock-crystal,  SiOa,  is  shown  m 
Fig.  27.  The  plane  surfaces  by  which  the  crystal  is  bounded  are 
termed /aces.  The  straight  lines  formed  by  the  intersection  of 
two  contiguous  faces  are  the  edges.  Solid  angles  or  corners  are 
made  by  the  intersection  of  three  or  more  faces  at  a  pomt,  and 
are  sometimes  also  termed  summits.  In  the  given  crystal  there 
are  evidently  two  kinds  of  corners,  namely,  those  in  which  four 
faces  meet,  and  those  in  which  six  faces  meet. 

A  remarkable  feature  of  the  development  of  crystals  is  that 
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no  matter  how  great  the  number  of  faces,  they  can  be  divided 
into  a  relatively  small  number  of  zones,  i.e.  sets  of  faces  inter- 
secting in  parallel  edges ;  e.g.  the  six  vertical  faces  in  Fig.  27 
lie  in  a  zone  with  vertical  edges.  There  are  three  other  obvious 
zones,  each  of  which  includes  two  vertical  faces  and  four  pyramid 
faces,  the  edges  of  intersection  being  horizontal.  The  eighteen 
faces,  then,  on  the  crystal  lie  in  four  zones. 
This  predisposition  of  a  relatively  large  num- 
ber of  faces  to  lie  in  a  zone  greatly  simpli- 
fies the  measurement  of  a  crystal.  A  line 
drawn  through  the  centre  of  the  crystal  parallel 
to  a  zone  edge  is  termed  the  zOne  axis. 

Distortion  of  Crystals. — Crystals  of  alum  are 
bounded  by  eight  faces  inclined  at  the  same 
angles  as  the  regular  octahedron  of  Fig.  28, 
but  the-  shape  of  the  crystal  rarely  obtains 
such  an  ideal  development ;  more  often  it 
approximates  to  that  of  Fig.  29.  A  com- 
parison of  the  two  figures  will  show  that  the  deposition  of 
parallel  layers  of  material  on  the  large  pair  of  faces  of  the  latter 
figure  would  transform  it  into  the  ideal  shape.  This  deposition 
does  not  alter  the  angles  between  the  faces.  Such  a  departure  of 
the  shape  from  that  of  the  ideal  form  is  termed  distortion,  and  is 
due  to  the  more  favoured  position  of  some  of  the  faces  of  the 


Fig. 


Fig.  28. 


Fig.  29. 


crystal  in  the  solution  during  growth.  If  a  small  distorted 
crystal  be  carefully  turned  over  from  time  to.  time  so  as  to  rest 
on  different  faces  during  growth,  it  will  gradually  assume  the 
ideal  form. 

97  Measxtrement  of  Crystals.— The  instrument  now  used  for 
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this  purpose  is  the  reflecting  goniometer  invented  by  Wollaston 
in  the  year  1809,  a  modern  form  of  which  is  shown  in  Fig.  30. 
Suppose  the  crystal  to  be  measured  is  the  quartz  crystal  of 
Fig.  27.  By  means  of  a  little  wax  it  is  placed  in  a  vertical 
position  with  its  pointed  end  on  a  small  pin  which  fits  into  a 
corresponding  hole  at  the  upper  end  of  the  central  axis  of  the 
instrument,  and  is  clamped  tight  by  means  of  the  top  small 


Fig.  30. 


screw.  The  other  screws,  seen  at  the  upper  end  of  the  axis,  are 
for  centring  and  tilting  the  crystal  so  as  to  bring  the  edges 
truly  vertical.  The  remaining  parts  of  the  instrument  are  :— 
the  divided  circle,  K  (provided  with  verniers  ss  for  takmg  the 
readings),  which  is  clamped  to  the  central  axis,  the  whole  being 
rotatablebymeansof  the  milled  ring,  g,  at  the  bottom  of  the 
instrument.     Light  from  an  incandescent  burner  is  sent  through 

VOT..  TT, 
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a  slit  at  the  end  of  the  collimator  C  and  falls  on  the  crystal.  The 
telescope  L,  is  fixed  at  a  convenient  angle  to  C  (say  a  little  over 
a  right  angle),  and  the  crystal  is  rotated  till  the  image  of  the  slit, 
reflected  from  a  face,  comes  on  to  the  cross-wires  in  the  telescope. 
When  the  reading  has  been  taken,  the  crystal  is  rotated  and  suc- 
cessive readings  are  noted  for  the  various  faces  till  a  full  rotation 
of  360°  has  been  carried  out.  The  differences  between  succes- 
sive readings  will  be  found  to  be  60°  0'.  The  position  of  one 
of  the  faces  while  a  reading  is  being  taken,  as  viewed  from  the 
top  of  the  instrument,  is  shown  in  Fig.  31.  It  is  seen  that  the 
normal  to  the  face,  namely  N,  bisects  the  angle  between 
collimator  and  telescope,  and  in  order  to  bring  the  next  face 
into  the  same  position  it  is  necessary  to  rotate  the  crystal  60°. 
It  follows  that  the  angle  actually  measured  is  the  outside  angle, 

or  the  angle  between  the  normals 
to  the  two  faces,  and  not  the 
internal  angle,  which  in  this  case 
would  be  120°.  These  outside 
measured  angles  are  the  ones 
usually  employed  in  modern  writ- 
ings, a  fact  which  should  be  borne 
in  mind.  After  a  complete  zone 
has  been  measured,  the  crystal 
Fig.  31.  is  removed,  and  adjusted  on  the 

wax  with  another  set  of  faces 
vertical,  and  the  process  is  repeated  till  all  the  faces  have  been 
measured. 

As  will  be  shown  in  the  next  section,  the  angles  between 
edges  have  great  theoretical  significance.  The  simple 
goniometer  just  described  records  only  the  angles  between  pairs 
of  faces  ("  interfacial  angles  ") ;  from  them  the  angles  between 
the  various  edges  can  be  obtained  by  simple  trigonometrical 
calculation.  In  recent  years,  however,  goniometers  have  been 
constructed,  provided  with  two,  or  even  three,  divided  circles, 
which  admit  of  a  direct  measurement  of  the  angles  between 
edges  as  well  as  the  interfacial  angles. 

98  The  Fundamental  Lav:  of  Geometrical  Crystallography.— 
The  difference  in  appearance  between  two  crystals  of  the  same 
substance,  even  when  they  are  of  the  same  crop,  may  be  due  to 
another  factor  besides  distortion,  viz.,  a  difference  in  the  number 
of  faces  :  not  only  may  some  faces  be  suppressed,  but  in  addition 
to  the  usual  faces  a  crystal  may  occasionally  exhibit  an  alto- 
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gethcr  new  set  of  faces.  It  is  therefore  not  surprising  that  the 
view  was  formerly  held  that  each  individual  crystal  has  its 
own  shape;  and  it  was  only  after  crystals  began  to  be 
measured  that  a  simple  mathematical  relationship  was 
discovered  between  the  various  shapes.  The  nature  of  this 
relationship  will  now  be  discussed. 

Crystals  of  common  salt  are  generally  cubes  with  small 
triangular  facets  on  the  corners  (Fig.  32) ;  the  latter  on 
measurement  are  found  to  be  inclined  to  one  another  at  the  same 
angles  as  the  faces  of  a  regular  octahedron.  Through  the  centre, 
0,  of  the  crystal  let  three  axes,  OX,  OY,  and  OZ,  be  drawn 
parallel  to  the  three  cube  edges.  Now  imagine  the  facet,  p, 
extended  in  space  till  it  meets  the  axes  in  the  points  A,  B,  C; 


the  lengths  OA,  OB,  00,  are  the  intercepts  of  the  faceup  on  the 
axes  OX,  0  Y,  and  OZ.  The  actual  lengths  OA,  OB,  00,  obviously 
depend  on  the  perpendicular  distance  of  the  face  p  from  the 
point  0  at  the  centre  of  the  crystal,  and  as  a  crystal  grows  they 
they  will  all  increase  in  magnitude.  Since,  however,  during 
growth  the  face  p  remains  parallel  to  itself,  the  ratios  of  the 
three  intercepts,  viz.  OA:OB:  00  remain  constant.  These 
ratios,  generally  denoted  by  a:  6:  c,  are  termed  \k.^ parametral 
ratios  (or  axial  ratios)  of  the  crystal,  the  facep  the  parametral 
plane,  and  the  three  axes,  OX,  OY,  OZ,  the  crystallograpUc  ax^. 
It  is  thus  found  that  the  intercepts  of  any  other  face  ot  the 
crystal  can  be  expressed  by  the  ratios  m«:«&:oc,  where  7H,  «, 
and  0  are  rational  whole  numbers  (or  in  some  cases  inhnity;. 
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This  relation  is  known  as  the  Law  of  Rational  Intercepts  and 
has  been  verified  in  every  case  investigated. 

In  the  instance  just  considered  (viz.,  salt)  «  =  J  =  f,  but  in 
other  substances  they  may  be  unequal. 

If  the  other  three  front  corner  facets  be  extended  in  a 
precisely  similar  manner  it  is  found  that  their  intercepts  have 
exactly  the  same  ratios  a:b:c,  but  when  allowance  is  made  for 
the  fact  that  they  intercept  certain  of  the  axes  towards  their 
negative  ends  (X,  Y',  Z'),  the  intercept  ratios  of  the  three  facets 
are  seen  to  be  a:  —b:c,  a:  —b:  —c,  and  a:b:  —c.  The 
extensions  of  the  four  corresponding  facets  at  the  back  of  the 
crystal  are  not  put  into  the  figure ;  they  have  this  in  common, 
that  they  meet  the  negative  end  of  the  axis  OX. 

The  intercepts  of  the  three  faces  B,  E,  F,  must  now  be 
considered.  To  take  D.  The  axes  OY  and  OZ  were  drawn 
parallel  to  the  edges  between  DF  and  DE  respectively,  i.e.,  to 
two  directions  lying  in  the  plane  D.  Since,  however,  they  were 
drawn  through  the  centre  of  the  crystal  which  lies  at  the  back 
of  i>,  it  is  easy  to  see  that  however  far  the  plane  D  be  extended, 
it  will  never  meet  the  axes  OY  and  OZ.  Its  intercepts,  then, 
on  these  axes  are  of  infinite  length.  Its  intercept  on  the  axis 
OX  is  finite  and  the  ratios  of  the  intercepts  of  the  face  D  are 
la :  00  6  :  00  c.  Similarly,  the  intercepts  of  the  faces  E  and  F 
are  in  the  ratios  oo  a :  16  :  oo  c,  and  oc  a  :  oo  b:  \c. 

The  parametral  or  axial  ratios,  a:b:c,  are  calculated  by 
trigonometrical  methods  from  the  measured  angles.  Now,  with 
the  exception  of  crystals  belonging  to.  the  cubic  system  (cf.  p.  193), 
the  angles  of  no  two  substances  are  alike,  and  it  follows  that 
the  parametral  ratios  have  different  numerical  values  fen'  each 
separate  substance. 

Millcrian  Indices. — It  is  convenient  to  replace  the  system  of  in- 
tercepts by  one  of  "  indices,"  the  use  of  which  was  introduced  by 
W.  H.  Miller.  The  indices  of  any  face  are  derived  from  the  inter- 
cepts by  a  simple  algebraic  transformation.     For  example,  the 

intercepts  la:  xb  -.oo  c  may  be  written  in  the  form  - : - : -  (for 

~=Qob,  etc.);  the  denominators  1,  0,  0,  enclosed  in  a  bracket, 

thus  (100),  are  the  indices  of  the  face  D  (Fig.  32).  Similarly,  we 
obtain  ^-(010)  and  i^-(OOl).    The  intercepts  of  ^j,  viz.,  la :  1& :  Ic, 

become  ^  •  t  •  p  hence  the  indices  are  (111).  It  will  be  noted  that 
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when  a  face  is  parallel  to  any  axis  its  intercept  is  oo ,  and  the 
corresponding  index  is  0.  In  the  case  of  a  negative  intercept 
the  minus  sign  is  placed  over  the  corresponding  index.  The 
indices  of  all  the  faces  are  shown  in  Fig.  33.  The  indices  of 
a  face  constitute  its  symbol,  and  the  symbol  determines 
unambiguously  the  direction  of  the  face  on  the  crystal :  thus 

(213)  means  that  the  face  has  intercepts  in  the  ratios  ^'-^'-n, 

where  a,  b,  and  c  are  the  parametral  lengths  of  the  crystal  in 
question. 

Form. — This  term,  in  addition  to  its  ordinary  meaning 
"  shape,"  is  employed  in  a  very  special  sense  in  crystallography, 
the  precise  nature  of  which  will  now  be  explained.  As  has 
already  been  stated,  the  physical  properties  of  a  crystal  vary 
with  the  direction ;  e.g.,  the  cohesion  of  a  crystal  is  less  in 
certain  directions  than  in  others,  and  the  difference  is  often  so 
pronounced  that  on  subjecting  the 
crystal  to  fracture  it  breaks  quite 
easily  along  certain  planes  so  as  to 
afford  brilliantly  reflecting  cleavage 
surfaces.  A  crystal  of  common  salt 
may  be  easily  cleaved  into  thin  flakes 
parallel  to  the  three  faces  D,  E,  F, 
whilst  attempts  to  break  the  crystal  ^j^,  33 

in  other   directions,    say   along   the 

octahedral  facets,  merely  lead  to  very  irregular  fractures.  The 
perfection  of  the  cleavage  is  exactly  the  same  for  the  three 
pairs  of  cube  faces,  and  the  same  absolute  similarity  is  found 
to  extend  to  every  physical  property  that  has  been  investigated. 
Again,  the  four  octahedral  planes  are  similar  in  every  respect. 
Such  a  groitp  of  physically  similar  faces  is  known  as  a  form  ;  the 
six  cube  faces  constitute  the  cube  form,  the  eight  octahedron 
faces  the  octahedron  form.  When  several  forms  are  developed 
on  the  same  crystal  it  is  said  to  exhibit  a  combination  of 
forms. 

It  will  be  noted  that  the  indices  of  the  faces  constituting  the 
cube  and  octahedron  forms  are  permutations  Qf  the  numbers 
(100)  and  (HI)  respectively,  including  plus  and  negative  signs. 
This  regularity  has  really  resulted  from  a  wise  choice  of  the 
three  crystallographic  axes  and  parametral  plane,  and  is  very 
desirable,  since  crystallographic  descriptions  are  much  simplified 
thereby.     A  complete  form  is  often  denoted  by  enclosing  the 
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indices   of  one   of  the    faces   in   broken    brackets,   e.g.,  {\1V- 
designates  the  whole  octahedral  form. 


SYMMETRY    OF    CRYSTALS. 

99  Symmetry  is  a  property  of  frequent  occurrence  in  natural 
objects :  the  higher  forms  of  life  are  characterised  externally  by 
bi-lateral  symmetry — the  two  halves  bearing  a  very  obvious 
relationship  to  each  other.  But  it  is  in  the  crystal  kingdom 
that  symmetry  reaches  its  highest  form,  for,  as  a  rule,  not  only 
does  the  external  form  exhibit  symmetry  of  a  high  order,  but 
a  study  of  the  physical  properties  discloses  the  fact  that 
the  internal  structure  is  also  endowed  with 
symmetry ;  and  the  conclusion  may  be  safely 
drawn  that  the  symmetry  of  external  form  is 
a  manifestation  of  a  unique,  and  regular, 
molecular  arrangement.  The  form  of  a  crystal 
often  appears  to  be  of  a  most  complicated 
character,  but  when  viewed  in  the  light  of 
symmetry  it  never  fails  to  acquire  the  utmost 
simplicity.  Symmetry  again  provides  a  sure 
basis  of  classification  with  regard  to  both  the 
external  form  and  the  physical  properties. 
There  are  three  kinds  or  "  elements "  of 
symmetry  to  be  considered :  plane,  axis,  and 
centre  of  symmetry. 

Plane  cf  Sy7nmetry.— Any  plane  which 
divides  a  crystal  into  parts  which  are  geo- 
metrically similar,  so  that  one  part  bears 
the  same  relation  to  the  other  as  it  would  to  its  image  in  a 
plane  mirror  placed  in  the  same  position  as  the  dividing  plane, 
is  called  a  plane  of  symmetry.  Thus  in  Fig.  34,  representing 
a  crystal  of  gypsum,  OA^0^,2Yi.f),  the  plane  of  symmetry 
which  bisects  the  crystal  parallel  to  the  face  h  is  indicated 
by  shading,  and  it  is  seen  that  the  two  faces,  mm,  occupy 
mirror  image  positions  with  respect  to  that  plane :  the  same 
holds  for  the  o.ther  faces,  pp  and  hb,  as  well  as  all  the  edges 
on  the  crystal.  Such  a  crystal  is  said  to  have  a  plane  of 
symmetry  parallel  to  h.  The  symmetrical  character  of  the 
crystal  about  this  plane  in  regard  to  physical  properties  can 
be  proved  by  means  of  a  simple  experiment.  On  pressing 
the  point  of  a  red-hot  needle  against  the  faces,  dehydration 
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commences  and  as  a  result  of  a  difference  of  the  conductivity 
for  heat  in  different  directions,  elliptical,  and  not  circular 
opaque  nngs  of  plaster  of  Paris  are  formed,  which  show  up 
very  well  against  the  clear,  unaffected  parts  of  the  crystal. 
Now  on  examination  it  is  found  that  not  only  are  the  ellipses 
on  the  faces  mm  similar  in  curvature  but  also  in  orientation 
with  respect  to  the  plane  of  symmetry.  Further  proof  of  the 
existence  of  the  same  plane  of  symmetry  in  the  physical  sense  is 
afforded  by  the  relative  orientation  and  curvature  of  the  ellipses 
on  the  faces  pp. 

Axes  of  Symmetry.— U  the  crystal  of  potassium  periodate, 
KIO^,  (Fig.  35)  be  rotated  about  the  vertical  axis  Z,  through  an 


Fig.  35. 


Fig.  36. 


Fig.  37. 


angle  of  90°,  the  face  o^  will  come  into  the  position  of  o^,  o^  into 

0^,  d^  into  (^2,  etc.     Further  rotations  of  90°  serve  to  bring  every 

part  of  the  figure  again  into  coincidence.  Such  an  axis  of  rotation 

is  termed  an  axis  of  symmetry,  and  as  complete  coincidence  occurs 

four  times  during  a  complete  rotation   of  360°,   the   axis   is 

designated  four-fold  or  tetragonal.     On  the  other  hand,  when 

rotated  about  the  axis  Y  the  rotation  necessary  to  bring  each 

face  into  the  position  formerly  occupied  by  a  similar  face  is 

180°;  so  that  this  direction  is  termed  a  twofold  or  digonal  axis 

of  symmetry.     The  crystal  of  apatite  (Fig.  36)  has  a  vertical 

axis  of  six-fold  or  hexagonal  symmetry  emerging  through  the 

centre  of  the  top  face,  whilst  in  the  crystal  of  sodium  periodate, 

NaIO^,3H20  (Fig.  37),  the  vertical  direction  is  one  of  three-fold  or 

trigonal  symmetry. 

Alternating  Axes  of  Symmetry. — Crystals  of  urea,  CO(NH2).2, 
Fig.  38,  appear  at  first  sight  to  have  a  vertical  axis  of  two-fold 
symmetry.  But  consider  the  face  Py^ :  if  it  be  rotated  90°  about 
the  vertical  axis  and  subsequently  reflected  across  the  horizontal, 
shaded  plane,  it  comes  into  the  position  of  p^,  and  the  same 
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coincidence  holds  for  the  crystal  as  a  whole.  An  axis  of 
symmetry  of  this  peculiar  character  is  termed  an  alternating 
axis  of  four-folA  symmetry.  An  alternatiny  axis  of  six-fuld 
symmetry  is  exhibited  by  the  mineral  calcite,  CaCOg,  a  rare 
form  of  which  is  shown  in  Fig.  39.  The  crystal  appears  to 
have  a  vertical  six-fold  axis  of  ordinary  symmetry.  If,  however, 
the  crystal  be  immersed  in  a  dilute  solution  of  hydrochloric  acid 
for  a  few  seconds,  then  washed  free  from  the  acid  and  viewed 
with  a  lens,  etched  figures  are  seen.  These  figures  are  due  to 
the  fact  that  the  solubility  of  a  crystal  is  different  along  different 
directions,  but  the  same  along  similar  directions;  the  etched 
figures  have,  moreover,  a  similar  form  and  a  symmetrical 
orientation  on  similar  faces.  Although  the  form  of  the  figures 
is  the  same  on  all  the  vertical  faces,  yet  the  orientation  is  only 
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Fig.  38. 


similar  on  alternate  faces ;  if  the  etched  figures  be  rotated  60° 
about  the  vertical  axis  and  then  inverted  by  reflection  across  a 
horizontal  plane,  coincidence  becomes  complete:  the  vertical 
axis  is  really  an  alternating  six-fold  axis  of  symmetry.  Eeliance 
on  the  geometrical  form  often  suggests  too  high  a  symmetry ; 
the  method  of  exploring  crystal  structures  by  means  of  etched 
figures  is  most  valuable  in  unmasking  the  true  symmetry. 

Centre  of  Symmetry.— When  the  physical  and  geometrical 
properties  of  a  crystal  are  the  same  along  both  directions  of 
each  and  every  line  in  the  crystal,  the  crystal  is  said  to  possess 
a  centre  of  symmetry.  The  presence  of  a  centre  of  symmetry 
-is  shown   geometrically  when  each  a,nd  every  face  is  accom- 
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panied  by  a  similar  parallel  face ;  e.g.,  the  crystal  of  copper 
sulphate,  CuSO^.SHp,  shown  in  Fig.  40. 

It  must  be  remarked  that  a  crystal  need  not  necessarily 
possess  any  of  the  above  elements  of  symmetry.  Such  a  crystal 
is  ^  completely  asymmetric  in  the  fullest  sense.  Calcium 
thiosulphate,  CaSgOg.GHgO,  is  an  example  (Fig.  41) ;  it  will  be 
noticed  that  several  of  the  faces  have  no  corresponding  parallel 
faces  at  the  back. 

100.  The  Thirty-two  Classes  of  Crystals.— T\ie  various 
elements  of  symmetry  which  have  been  described  are  the  only 
kinds  exhibited  by  crystals,  and  it  is  easy  to  show  that  no  other 
elements  of  symmetry  are  possible  in  a  body  obeying  the  law  of 
rational  intercepts:    e.g.,  a  five-  (seven-  eight-,  etc.)  fold  axis 


Fig.  40. 


Fig.  41. 


of  symmetry  would  lead  to  the  development  of  faces  with 
irrational  intercepts.  Now  most  of  the  crystals  used  as 
illustrations  in  the  preceding  section  possess  more  symmetry 
than  was  actually  mentioned;  most  of  those  containing  axes 
of  symmetry  also  exhibit  one  or  more  planes  of  symmetry,  and 
also  a  centre  of  symmetry.  The  following  question  then 
arises :  "  What  combinations  of  the  various  elements  of  sym- 
metry are  possible  in  a  crystal  obeying  the  law  of  rational 
intercepts  ? "  This  mathematical  problem  has  been  com- 
pletely solved,  and  the  number  of  classes,  or  combinations  of 
symmetry,  is  thirty-one;  adding  to  this  the  asymmetric  class,  the 
number  thirty- two  is  finally  obtained.  Of  the  thirty-two  classes 
theoretically  possible,  representatives  of  at  least  thirty  have 
been  recognised    amongst    the   substances   already   measured. 
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The  number  of  substances  crystallising  in  each  class  is  very 
disproportionate ;  one  or  two  of  the  classes  are  hitherto  only 
represented  by  a  single  substance,  whilst  others  include  many 
thousands.  A  reference-list  of  the  thirty-two  classes  is  given  on 
page  201. 

The  word  form  has  already  been  defined  as  the  collection  of 
faces  having  similar  physical  properties ;  it  must  be  added 
that  they  must  also  be  similar  in  the  geometrical  sense.  Now, 
even  in  the  same  crystal,  the  number  of  faces  constituting  the 
various  forms  is  not  the  same.  In  the  crystal  of  sodium 
periodate  (Fig.  37,  p.  183)  the  vertical  three-fold  axis  is  the 
only  element  of  symmetry,  and  it  is  perpendicular  to  the  base  G. 
On  rotating  the  crystal  through  successive  angles  of  120°  about 
this  axis,  the  face  C  never  occupies  any  other  direction  in  space ; 
but  a  face  like  r  on  such  rotation  gives  rise  to  two  other 
similar  faces.  The  form  r  therefore  consists  of  three  faces, 
whilst  the  form  0  is  represented  by  one  face.  It  may  be  stated 
that  the  number  of  faces  constituting  the  form  depends  on  the 
relative  position  of  the  faces  with  regard  to  the  elements  of 
symmetry.  In  those  classes  where  there  are  several  elements  of 
symmetry,  the  possibility  of  variation  is  naturally  greatly 
increased. 

loi.  The  Seven  Systems. — In  addition  to  the  division  into  the 
thirty-two  classes  according  to  symmetry  there  has  long  been 
in  use  another  classification  of  a  coarser  character,  viz.,  into  the 
seven  "  systems."  The  latter  classification  was  already  in  use 
before  the  question  as  to  the  possible  number  of  classes  of 
symmetry  had  been  exhaustively  studied.  When  the  crystallo- 
graphic  axes  and  parametral  face  have  been  chosen  so  that  the 
various  faces  of  a  form  obtain  similar  intercepts,  or  in  other  words 
similar  indices,  it  is  found  that  the  relative  inclination  of  the 
axes  and  their  parametral  lengths  correspond  to  one  of  the 
following  seven  cases,  or  systems,  and  the  crystal  is  reckoned  as 
belonging  to  that  system  : 

Crystallographic  Axes  and  Parameters.  System. 

1.  Three    axes    unequally    inclined;    with      Triolinic,  Anorthio  or  Asyin- 

unequal  parameters  metric. 

2.  Three  axes,   one  perpendicular  to    the      Monoclinio  or  Monosymmetric. 

other  two  ;  with  unequal  parameters 

3.  Three  axes,   all  at  right  angles ;  with      Rhombic  or  Orthorhombic. 

unequal  parameters 

4.  Three  axes,   all  at  right  angles ;   with      Tetragonal  or  Quadratic. 

two  out  of  the  three  parameters  equal 

5.  Three  axes,  mutually  inclined  at  equal      Rhombohedral  or  Trigonal. 

angles   (not  a  right  angle)  ;  with  all 
three  parameters  equal 
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Crystallographic  Axes  and  Parameters.  System. 

6.  Four    axes,    one    perpendicular  to   the      He.xagonal. 

remaining  three,  which  are  mutually 
inclined  at  60°  ;  with  parameters  of 
the  last  three  axes  equal 

7.  Three    axes,    mutually    perpendicular  ;      Cubic,  Tesseral  or  Regular. 

with  all  three  parameters  equal 

In  this  way  the  thirty-two  classes  may  be  distributed  into 
seven  systems.  The  classes  which  fall  within  one  and  the  same 
system  bear  a  pronounced  family  likeness  :  the  class  with  high- 
est symmetry  contains  all  the  elements  of  symmetry  exhibited 
by  the  other  classes  in  the  same  system  and,  except  in  the 
trigonal  system,  is  the  most  common  class.  In  the  following 
short  description  of  the  various  systems,  the  most  common  class 
will  be  the  one  selected  to  represent  each  system  ;  a  few  of  the 
remaining,  less  symmetrical,  classes  which  are  of  chemical 
interest  will  be  discussed  subsequently. 

It  can  be  proved  that  the  direction  (1)  of  an  axis  of  symmetry 
or  (2)  of  a  line  perpendicular  to  a  plane  of  symmetry,  is  a  pos- 
sible edge,  i.e.,  an  edge  between  faces  having  rational  intercepts ; 
and  it  is  therefore  permissible  to  use  such  directions  as 
crystallographic  axes  although  they  may  not  be  actually 
developed  as  edges.  It  should  be  noted  that  axes  of  symmetry 
and  crystallographic  axes  are  not  interconvertible  terms ;  the 
latter  are  as  a  rule  chosen  parallel  to  the  former,  but  this  is  not 
always  so.  Moreover,  there  is  often  a  greater  number  of  axes 
of  symmetry  than  of  crystallographic  axes,  the  number  of  the 
latter  being  only  three,  with  the  single  exception  of  the 
hexagonal  system,  which  has  four. 

1.  The  Triclinic,  Anokthic,  or  Asymmetbic  System. 

102  The  three  crystallographic  axes,  OX,  OY,  OZ,  may  be 
selected  parallel  to  any  three  edges  on  the  crystal,  and  are  in 
any  case  inclined  at  different  angles,  usually  denoted  by  a,  ^. 
and  7.  The  parametral  lengths  of  these  three  axes  are 
unequal. 

Example.— VoidiBsmm  dichromate,  ^.fivf)^     (Fig.  42.) 

a:6:c=l-0116:l:r8146;  a  =  98°  0',  ^  =  96°  13',  7  =  90°  51'. 
Symmetry:     A  centre   of  symmetry;   each    form  therefore 
consists  of  a  pair  of  parallel  faces. 

The  edges  selected  for  the  directions  of  the  three  crystallo- 
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graphic  axes,  OZ,OY,  and  OZ,  are  those  between  the  faces  B  and 
C,  0  and  A,  A  and  B  respectively,  from  which  it  follows  that  the 
faces  A,  B,  C  will  have  the  indices  (100),  (010),  (001)  respectively. 
The  parametral  face  chosen  is^,  and  since  it  cuts_the  axis  OZ 
at  its  negative  end,  the  indices  of  p  must  be  (111).  The  ratios 


Fig.  42. 

of  the  parameters  a:b:c,  as  also  the  angles  a,  /3,  and  y,  are 
calculated  from  the  angles  which  these  four  faces  make  with 
each  other.  The  remaining  faces  are  then  found  to  have  the 
following  indices:    s-(l_OT),   r-(lOl),    m-(llO),    w-(lTO), 

g-(Oll),  i-(012),o-(lTl). 

2.  The  Monoclinic  or  Monosymmetrig  System. 

103  One  of  the  crystallographic  axes,  namely  OV,  is  taken 
parallel  to  the  only  edge  on  the  crystal  which  is  found  to  be 
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perpendicular  to  two  other  edges,  and  the  latter  are  chosen  for 
the   directions  of  the  two  crystallographic  axes,  OX  and  OZ. 
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The  latter   axes  are  not  inclined  at  90°,  but  at  some  other 
angle,  j8. 

Example. — Rubidium  magnesium  sulphate, 

Rb,Mg(S0J,,6H,0  (Fig.  43). 
a  :  & :  c  =  0-7400 : 1  : 0-4975  ;  /3  =  105°  59'. 

Symmetry  (Class  5). — One  plane  of  symmetry  containing  the 
axes  OX,  OZ,  perpendicular  to  which  is  a  two-fold  axis  of 
symmetry  (the  axis  OY) ;  also  a  centre  of  symmetry. 

The  axis  OX  is  parallel  to  the  edge  eg,  OZ  to  mm.  The  axis 
OF  is  a  possible  edge,  since  it  is  parallel  to  the  two-fold  axis  of 
symmetry ;  it  is  the  edge  in  which  c  and  r  would  intersect.  The 
parametral  plane  is  j3  — (111),  the  remaining  forms  being 
m-{110},  s-^{lll},  and  2 -{Oil},  each  consisting  of  four  faces  ; 
and  c- {001},  6 -{010}  and  r-{201},  each  consisting  of  two  faces. 
There  is  an  imperfect  cleavage  parallel  to  the  last-mentioned 
face. 

Another    example     of    a     monoclinic     crystal    is    gypsum 

(Fig.  34,  p.  182). 

3.  The  Rhombic  or  Orthorhomwc  System. 

104  The  three  crystallographic  axes,  OX,  OY,  and  OZ,  are 
taken  parallel  to  a  particular  set  of  edges  (or  possible  edges) 
mutually  perpendicular-  to    one    another.     A   face   which    is 


Fig.  44. 


Fig.  45. 


inclined  to  all  these  directions  is  selected  as  parametral  plane, 
and  gives  three  unequal  parameters. 

Example.— 2 oisissmm  sulphate,  K2SO4  (Fig.  44). 
a:  6:  c  =  0-5727: 1:0-7418. 
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Symmetry  (Class  8). — Three  planes  of  symmetry  at  right 
angles  to  one  another  (Fig.  45),  intersecting  in  three  two-fold 
axes  of  symmetry  ;  also  a  centre  of  symmetry. 

The  crystallographic  axes,  OX,  OZ,  are  taken  parallel  to  the 
edges  cq  and  am  respectively.  The  axis  OY  is  not  developed 
as  an  actual  edge,  but  this  direction,  as  well  as  those  of  OX  and 
OZ,  is  one  of  two-fold  symmetry.  The  parametral  plane  is  p  and 
has  therefore  the  indices  (111).  The  forms  a-{100},  &-{010}, 
and  c— {001},  which  are  parallel  to  two  of  the  axes,  consist  of  a 
pair  of  parallel  faces;  forms  like  ??i  — {110},m  — {130},$'— {011},and 
?•  — {021},  which  are  parallel  to  one  axis  and  intersect  the  other 
two,  consist  of  four  faces;  finally,  forms  likejs  —  {111},  and  s  —  {112}, 
which  intersect  all  three  axes,  consist  of  eight  faces. 


M^=^ 


Fig.  46. 


Fig.  47. 


Other  examples  are  aragonite,  CaCOg  (Fig.  46),  and  po- 
tassium perchlorate,  KCIO^,  a  crystal  of  which  is  shown  in 
Fig.  47. 

The  forms  in  the  first  mentioned  are : — the  parametral  plane 
o-{lll},&-{010},^-{110}  and  £-{011};  and  the  parametral 
ratios  are  a:h:c  =  0-623  : 1 :0-721.  In  potassium  perchlorate 
the  forms  are:  c-{001},a-{100},  6-{010},  ^-{Oll},  m-{110} 
and  ?--{102}.  In  this  crystal  there  is  no  face  intersecting  all 
three  axes,  so  recourse  must  be  had  to  two  parametral  faces, 
viz.,  m,  which  decides  the  ratio  a :  b,  and  q,  from  which  the  ratio 
l:c  is  calculated ;  a:b:c  =  0-7815  : 1 : 1-2805. 


4.  The  Tetbagonal  or  Quadratic  System. 

105  The  crystallographic  ax  eg,  OX,  OY,  and  OZ,  are  mutually 
perpendicular,  OZ  being  taken  parallel  to  the  unique  axis  of 
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four-fold  symmetry  (or   of  the   alternating   axis  of  four-fold 
symmetry).     The  parametral  lengths  of  the  axes  OX  and  OY 
are  equal,  but  have  a  different  value  from  that  of  the  axis  OZ. 
Edcample : — Zircon,  ZrSiO^  (Fig.  48). 

a  =  h;  a:c  =  1:0-640. 

Symmetry  (Class  15). — One  vertical  four-fold  axis  which  is 
perpendicular  to  four  two-fold  axes  intersecting  at  angles  of  45°. 
These  five  axes  of  symmetry  are  respectively  perpendicular  to 


Fig.  48. 


Fig.  49. 


the  horizontal  and  the  four  vertical  planes  of  symmetry  shown 
in  Fig.  49. 

In  Fig.  48,  the  parametral  plane  is  (111),  which  is  seen  to 
consist  of  eight  faces.  The  form  {100}  consists  of  four  faces,  and 
the  form  {311}  consists  of  sixteen  faces. 


5.  The  Rhombohedbal  or  Trigonal  System. 

io6  The  most  characteristic  form  of  this  system  is  the 
rhombohedron  (Fig.  50),  and  the  three  crystallographic  axes,  OX, 
OY,  and  OZ,  are  drawn  parallel  to 
the  three  edges  of  this  form.  The 
parametral  lengths  are  equal.  The 
angles  between  the  three  axes,  OX, 
OY,  and  OZ,  are  equal,  but  not  right 
angles;  these  angles  are  denoted  by 
a.  and  are  calculated  from  the 
measured  angles  between  the  faces 
of  the  rhombohedron. 

Example:— QoAmm  nitrate,  NaNOgi  a  =  102°  47'. 
the  simple  rhombohedron  (Fig.  51). 


Fig.  50. 


Form, 
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Symmetry  (Class  21). — Three  vertical  planes  of  symmetry 
(Fig.  52),  perpendicular  to  each  of  which  there  is  a  two-fold 
axis  of  symmetry,  emerging  at  the  middle  point  of  each  of  the 
zig-zag  edges  (Fig.  51),  and  further  a  vertical  axis  of  alternating 
six-fold  symmetry.     It  will  be  noted  that  none  of  the  crystal- 
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Fig.  52. 


lographic  axes  is  chosen  either  parallel  to  an  axis  of  symmetry, 
or  perpendicular  to  a  plane  of  symmetry.  Although  somewhat 
arbitrary,  it  is  only  by  means  of  this  choice  that  similar  faces 
acquire  similar  intercepts  and  indices. 

Other  examples  are  the  minerals  of  the  calcite  group. 


6.  The  Hexagonal  System. 

107  Here,  again,  the  choice  of  crystallographic  axes  is  peculiar, 
smce  it  is  found  advisable  to  select  no  fewer  than  four.  The 
disposition  of  the  three  axes  X,  Y,  Z,  intersecting  at  angles 
of  120°,  and  of  the  fourth  axis  W,  which  is  perpendicular 
thereto,  is  shown  in  Fig.  53.  The  parameters  a^,  a^,  a^  of  the 
axes  X,  Y,  Z  are  equal,  but  the  parameter  c  of  the  fourth 
axis  has  a  different  value.  The  parametral  ratio  a:c  is 
calculated  from  the  angles  between  the  faces  shown  on  the 
figure. 

Example -.—BevYX  (emerald),  a :  c  =  1 : 0-4989  (Fig.  54). 

Symmetry  (Class  27).— A  vertical  axis  of  six-fold  symmetry 
and  six  two-fold  axes  of  symmetry,  intersecting  at  angles  of  30° 
in  the  horizontal  plane ;  each  being  respecti\'ely  perpendicular 
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to  the  single  horizontal  and  the  six  vertical  planes  of  symmetry 
shown  in  Fig.  55  ;  also  a  centre  of  symmetry. 


Fig.  53. 


Fig.  54. 


Since  there  are  four  crystallographic  axes,  each  face  has  four 
intercepts. 


Fig.  55. 

The  forms  in  Fig.  54  are  m-{10T0},  p-{0lTl},s-{1121},  and 
c-{0001}. 

7.  The  Cubic,  Tesseral,  or  Regular  System. 

io8  Crystals  of  this  system  are  referable  to  three  mutually 
perpendicular  crystallographic  axes,  with  equal  parameters,  i.e., 

Examples  :— Fluorspar,  CaF^ ;  cubes  with  octahedral  facets 
(Fig.  38,  p.  181).  Senarmontite,  SbPg ;  regular  octahedra 
(Fig.  32!    p.  179).     Garnet :  Ehombic  dodecahedra  (Fig.  59). 
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Symmetrij  (Class  32). — The  symmetry  is  the  highest  possible 
in  all  crystals  and  is  identical  with  that  of  a  cube,  viz.,  four 
three-fold  axes  emerging  through  the  corners,  i.e.,  perpendicular 
to  the  octahedron  faces ;  three  four-fold  axes  parallel  to  the 
cube  edges,  i.e.,  perpendicular  to  the  cube  faces ;  six  two-fold 


Fig.  56. 


Fig.  57. 


axes 


emerging  at  the  mid-point  of  the  cube  edges,  i.e., 
perpendicular  to  the  dodecahedral  faces  (Fig.  56).  Further, 
three  planes  of  symmetry  parallel  to  the  cube  faces,  and  six 
diagonal  planes  of  symmetry  parallel  to  the  dodecahedral  faces 
(Fig.  57) ;  also  a  centre  of  symmetry. 


Fig.  59. 

The  relationship  of  the  rhombic  dodecahedron  to  the  cube 
will  become  clear  from  an  inspection  of  Figs.  58  and  59.  In 
the  first  figure  the  dodecahedral  faces  are  seen  to  truncate  the 
twelve  edges  of  the  cube.  If  the  twelve  facets  be  extended  in 
space,  so  as  to  eliminate  the  cube  faces,  they  ultimately  yield 
the  simple  rhombic  dodecahedron  of  Fig.  59. 
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ENANTIOMORPHISM. 

109  Many  natural  objects  are  not  identical  with  their  mirror 
images ;  the  reflection  of  a  right  hand  in  a  plane  mirror  appears 
to  be  a  left  hand ;  so  that  although  the  two  hands  are  certainly 
similar,  the  one  is  easily  distinguishable  from  the  other.  Bodies 
which  can  exist  in  two  non-superposable  forms  which  are  the 
mirror  images  of  each  other  are  termed  enantiomorphous.  The 
study  of  geometry  has  led  to  the  recognition  that  only  those  bodies 
can  exist  in  enantiomorphous  forms  which  are  devoid  of  the 
following  three  elements  of  symmetry:  plane,  centre,  and 
alternating  axis  of  symmetry.     The  only  elements  of  symmetry 


Fig.  60. 


Fig.  61. 


Fig.  62. 


compatible  with  enantiomorphism  are  the  ordinary  axes  of 
symmetry.  These  conditions  are  satisfied  by  eleven  out  of  the 
thirty-two  classes  of  symmetry,  and  examples  of  enantio- 
morphism have  been  discovered  in  crystals  belonging  to  all 
these  classes. 

Geometrical  Evidence  of  Enantiomorphism  in  Crystals. — The 
more  important  faces  on  crystals  of  magnesium  sulphate, 
MgSOj.^HgO,  are  shown  in  Fig.  60.  The  crystals  are  ortho- 
rhombic  with  a:6:c  =  0-9901:l:0-5709,  and  appear  to  have 
three  planes  of  symmetry  (shaded),  and  three  two-fold  axes  of 
symmetry  as  indicated.  The  development  of  the  crystals, 
however,  is  sometimes  of  a  less  symmetrical  character,  and  two 
kinds  of  crystals  may  be  distinguished  (Figs.  61  and  62).     Of 
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the  eight  terminal  faces  in  Fig.  60,  only  half  are  developed  on 
the  first  crystal,  the  remaining  half  on  the  other  crystal.  The 
effect  of  this  "  hemihedral "  development  of  the  terminal  faces  is 
to  indicate  the  absence  of  the  three  planes  of  symmetry ;  nor  is 
there  a  centre  of  symmetry,  for  the .  faces  no  longer  all  appear 
in  parallel  pairs.  The  crystals  still  possess  the  three  two-fold 
axes  of  symmetry,  and  are  enantiomorphous,  one  being  the  non- 
superposable  mirror  image  of  the  other.  It  may  be  noted  that 
the  enantiomorphism  is  outwardly  indicated  on  the  crystals 
by  the  jo  faces ;  each  set  of  four  p  faces  constitutes  a  form,  the 
two  forms  being  symbolised  by^  —  {1 1 1}  and^'  —  {1 1  Ijrespectively. 
When  both  these  forms  are  developed,  Fig.  60  is  obtained,  and 
the  crystal  appears  to  have  both  planes  and  a  centre  of 
symmetry.  The  form  m  — {110}  consists  of  four  faces  on  all  the 
three  crystals  and   does  not  afford   any  clue    to  the    class   of 
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Fig.  64. 


symmetry.  In  fact,  only  faces  like  ^,  which  consist  of  half  the 
usual  number  of  faces,  really  unmask  the  true  symmetry  and 
exhibit  geometrical  enantiomorphism.  In  certain  classes  of  the 
cubic  and  tetragonal  systems  a  form  may  consist  of  only  a 
quarter  of  the  usual  number  of  faces,  and  on  this  account  is 
termed  tetartohedral. 

The  first  known  example  of  enantiomorphism  was  quartz. 
The  usual  development  of  this  mineral  is  that  already  shown  in 
Fig.  27,  p.  176,  which  appears  to  have  a  centre,  as  well  as  several 
planes,  of  symmetry ;  but  etched  figures  prove  the  absence  of  all 
these  elements  of  symmetry.  Moreover,  the  ^  enantiomorphism 
is  sometimes  demonstrated  by  the  appearance  of  hemihedral 
facets,  labelled  x  on  Figs.  63  and  64,  which  distinguish 
the  two  kinds  of  ciystal ;  the  two  crystals  are  called  right- 
and    left-handed    respectively,    or   dextro-    and    laevo-crystals. 
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no  Optical  Activity  or  Botatory  Polarisation. — The  enantio- 
morphous  development  of  a  crystal  is  due  to  a  corresponding 
enantiomorphism  of  its  internal  structure,  or  in  other  words,  to 
the  fact  that  the  arrangement  of  the  molecules  is  devoid  of  a 
centre,  plane,  or  alternating  axis  of  symmetry.  The  structure 
is  of  course  the  same  for  a  given  substance,  whether  hemihedral 
faces  are  developed  or  not.  It  has  been  discovered  that  most 
substances  crystallising  in  enantiomorphous  forms  are  endowed 
with  optical  activity,  i.e.,  the  power  of  rotating  the  plane 
of  polarised  light.  This  property  was  found  in  quartz  by  Arago, 
and  soon  after  it  was  proved  by  Herschel  that  a  crystal  having 
the  development  of  Fig.  63  effects  a  clock-wise  or  dextro  rotation, 
whilst  the  quartz  of  Fig.  64  is  optically  active  in  the  opposite 
sense  (laevo).  Whether  a  given  quartz  crystal,  devoid  of  hemi- 
hedral facets,  is  dextro  or  laevo  can  be  easily  settled  by  a 
simple  optical  determination. 

The  fact  that  certain  enantiomorphous  crystals  are 
devoid  of  optical  activity  has  received  a  satisfactory 
theoretical  explanation,  which  cannot  be  entered  into  here. 
An  example  is  sal-ammoniac  (cubic  system,  class  29). 

Certain  substances  preserve  their  optical  activity  when 
dissolved,  liquefied,  or  vaporised :  not  so  the  remainder.  An 
example  of  the  first  kind  is  tartaric  acid ;  quartz  and  magnesium 
sulphate,  on  the  other  hand,  are  examples  of  the  second  kind, 
in  the  latter  cases,  the  seat  of  the  activity  must  lie  in  an 
enantiomorphous  grouping  of  molecules  in  the  crystal  edifice. 
In  the  former  case,  the  primary  cause  is  evidently  an 
enantiomorphous  grouping  of  atoms  within  the  molecule 
(see  p.  209.) 

Twin  Crystals  or  ifac^es.— Sometimes  two  ("  twins  ")  or  more 
("  trillings,"  "  fourlings,"  &c.)  crystals  are  grown  together  in  a 
symmetrical  manner,  so  that  the  various  individuals  present 
a  recognisable  regularity  of  orientation.  Cassiterite,  SnOj,  for 
example,  often  occurs  in  the  elbow  form  of  Fig.  65,  which  is 
clearly  a  combination  of  two  crystals,  each  being  the  reflection 
of  the  other  across  a  plane—  "  twin  plane  "—which  happens  to 
be  the  plane  of  contact.  The  couplet  of  fluorspar  crystals 
(simple  cubes  of  Fig.  66)  is  an  interpenetration  twin,  and  the 
orientation  of  one  crystal  is  derivable  from  that  of  the  other  by 
a  rotation  of  180° '  about  the  diagonal  emerging  through 
the  common  corner ;  this  direction  of  rotation  is  called  the 
twin  axis.     Such  groups  of  crystals  are  regarded  as  twins  only 
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when  the  plane  of  reflection  (or  the  axis  of  rotation)  is  parallel 
to  a  possible  face  (or a  possible  edge);  any  other  groupings  are 
regarded  as  accidental. 

The  twinning  of  enantiomorphous  crystals  deserves  especial 
mention.  Combinations  are  sometimes  observed  in  which  the  two 
individuals  are  symmetrical  about  a  plane.  Now  reflection  of  a 
dextro-crystal  across  a  plane  yields  a  laevo-crystal ;  such 
"  twins,"  then,  are  really  combinations  of  dextro-  and  laevo- 
individuals.     If  the  two  individuals  interpenetrate  each  other 


Fig.  65. 


Fig.  66. 


very  thoroughly  the  result  may  appear  to  be  a  single  crystal, 
and  if  the  conditions  have  been  favourable  for  the  development 
of  hemihedral  facets,  both  sets  will  appear.  This  interesting 
property  is  of  quite  frequent  occurrence  in  quartz,  apparently 
single  crystals  of  which  sometimes  exhibit  both  sets  of  x  faces ; 
when  subjected  to  optical  examination  they  are  found  to  be  com- 
posed of  dextro-  and  laevo-material.  Kipping  and  Pope  ^  have 
shown  that  this  mutual  interpenetration  provides  a  simple 
explanation  of  the  general  behaviour  of  "  pseudo-racemic  "  sub- 
stances. 


OPTICAL,    THERMAL,    AND    ELECTRICAL  PRO- 
PERTIES  OF    CRYSTALS. 

Ill  In  general  it  may  be  stated  that  the  physical  properties 
of  a  crystal  vary  with  the  direction ;  but  directions  which  are 
similar  in  the  geometrical  sense  are  also  physically  equivalent, 
so  that  the  investigation  of  the  physical  properties  often  sheds 
valuable  light  on  the  symmetry. 

'  Kipping  and  Pope,  Joxirn.  Ghem.  Soc,  1897,  71,  989, 
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Optical  Properties  of  Crystals. — The  relations  of  crystals 
to  light  are  of  great  importance,  as  enabling  us  to  determine 
crystalline  symmetry  in  cases  in  which  the  usual  methods 
either  give  uncertain  results  or  fail  entirely.  Transparent 
crystals  belonging  to  the  regular  system  exert  no  peculiar  action 
on  a  ray  of  light ;  they  behave  in  this  respect  like  glass  or  any 
other  amorphous  substance.  The  incident  ray  gives  rise  to  one 
refracted  ray,  and  the  crystal  possesses  one  refractive  index.^ 

All  other  crystals  are  doubly  refractive,  and  they  are  further 
subdivided  into  uniaxial  and  biaxial  crystals. 

The  uniaxial  crystals  comprise  those  of  the  rhombohedral, 
hexagonal  and  tetragonal  systems.  In  one  direction,  termed 
the  optic  axis,  which  is  parallel  to  the  principal  axis  of  symmetry, 
no  double  refraction  occurs,  but  in  all  others  the  incident  ray  is 
doubly  refracted,  forming  two  plane-polarised  rays,  one  of  which, 
the  ordinary  ray,  follows  the  ordinary  law  of  refraction,  whilst 
the  other,  the  extraordinary  ray,  does  not  in  general  follow  this 
law. 

The  biaxial  crystals  comprise  those  of  the  rhombic,  monoclinic, 
and  triclinic  systems.  In  them,  incident  light  is  doubly  refracted, 
yielding  two  extraordinary  plane-polarised  rays.  They  possess, 
however,  two  directions  in  which  a  ray  is  singly  refracted,  and 
these  are  called  the  optic  axes.  The  angle  between  the  optic 
axes  of  a  biaxial  crystal  is  an  important  constant  of  the  crystal. 
Thus,  for  example,  with  sodium  light  it  is  69°  5'  for  rhombic 
sulphur,  47°  54'  for  the  monoclinic  potassium  magnesium  sul- 
phate, and  76°  36'  for  the  triclinic  albite. 

Thermal  Properties. — Crystals  which  belong  to  the  cubic 
system  expand  equally  in  every  direction  when  heated,  but  for 
crystals  belonging  to  other  systems  the  expansion  in  general 
varies  with  the  direction.  A  sphere  cut  out  of  a  cubic  crystal 
remains  a  sphere,  but  one  cut  out  of  a  crystal  belonging  to  the 
uniaxial  systems  (rhombohedral,  tetragonal,  and  hexagonal) 
becomes  an  ellipsoid  of  rotation,  the  axis  of  rotation  being  coin- 
cident with  the  principal  axis  of  symmetry ;  while  in  the  case  of 
the  biaxial  systems  (rhombic,  monoclinic,  and  triclinic),  the  sphere 
expands  into  an  ellipsoid  with  three  unequal,  rectangular  axes. 
As  a  result  of  the  unequal  expansion  a  small  change  is  noted  m 
at   any   rate  some   of  the   interfacial   angles  on    raising   the 

1  Cases  have  indeed  been  observed  by  Brewster  and  others  in  which  a 
crystal  belonging  to  the  cubic  system  exhibits  double  refraction,  but  this  is 
due  to  unequal  tension  in  the  mass  of  the  crystal,  and  resembles  the  case  of 
double  refraction  by  unequally  heated  or  compressed  glass. 


200  CRYSTALLOGRAPHY 


temperature.  Cubic  crystals,  however,  retain  their  angles 
unchanged. 

Similar  relationships  hold  good  for  heat  conduction.  The 
conducting  power  of  crystals  can  be  studied  by  covering  the 
face  of  a  crystal  with  a  thin  coating  of  melted  wax,  allowing  the 
wax  to  solidify,  and  then  bringing  the  point  of  a  hot  needle 
through  the  wax  coating  into  contact  with  the  crystal.  If  the 
crystals  contain  water  of  crystallisation,  wax  may  be  un- 
necessary (see  p.  182).  If  the  crystals  conduct  equally  in  all 
directions  in  the  plane  of  the  face,  the  wax  will  melt  in  a  circle 
of  which  the  hot  point  is  the  centre  ;  this  is  the  case  with  all 
cubic  crystals.  If  the  conduction  be  unequal,  the  melted  wax 
assumes  the  form  of  an  ellipse.  The  ellipses  on  similar  faces 
have  similar  curvature  and  orientation. 

Pyro-electric  Behaviour  of  Grystcds. — Certain  badly  conducting 
crystals  when  heated  exhibit  a  peculiar  development  of 
electricity,  one  end  of  the  crystal  becoming  negatively  electrified, 
whilst  the  other  end  exhibits  positive  electricity.  Such  crystals 
are  termed  pyro-electric. 

This  phenomenon  can  naturally  occur  only  in  crystals  which 
have  no  centre  of  symmetry,  for  the  latter  involves  a  similarity 
of  physical  properties  in  opposite  directions  along  every  line.  If 
the  polar  ends  of  the  crystal  correspond  to  the  two  ends  of  an 
axis  of  symmetry,  that  axis  is  said  to  be  polar.  Polarity  along 
an  axis  conclusively  proves  the  absence  of  a  plane  of  symmetry 
perpendicular  thereto,  and  pyro-electricity  is  therefore  a  valuable 
help  in  the  determination  of  symmetry.  Examples  of  crystals 
possessing  one  polar  axis  are  the  minerals  hemimorphite  and 
tourmaline  (classes  7  and  20  respectively);  quartz  exhibits 
three,  and  boracite  four,  polar  axes. 

Certain  enantiomorphous  crystals  exhibit  pyro-electricity,  e  g., 
tartaric  acid  (class  4) ;  the  dextro-  and  Isevo-forras  are  antipodal 
with  respect  to  their  pyro-electric  behaviour. 

Reference  List  of  the  thirty-two  Classes  of  Crystal 

Symmetry. 

112  In  the  annexed  list  the  following  abbreviations  are 
employed :  "  //-A  "  =  a  two-fold  axis,  "  ///-A  "  a  three-fold 
axis,  &c. ;  "  ^Zif  "  =  alternating,  "Por^  =  polar  (used  in  con- 
nection with  axes),  "P"  =  plane  of  symmetry.  The  numbers 
refer  to  the  number  of  planes  or  of  axes  of  symmetry.     Where 
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System. 

Class  No.i 

Symmetry. 

Example. 

Trioliiiic 

E. 

1 

No  symmetry     .    .               ... 

Calcium      thiosul- 
phate. 

Hoi. 

2 

Centre  of  symmetry 

Potassium      di- 
chromate. 

Monoclinic 

3 

IP 

Potassium      tetra- 
thionate. 

E. 

4 

1  11-^  {Pol.)           

Tartaric  acid. 

Hoi. 

5 

1  11-^,  IP  ...    .                ... 

Rubidium    mag- 
nesium sulphate. 

Rhombic 

E. 

6 

(1  +  1  +  1)11-^                        .    . 

Magnesium  sul- 
phate. 

7 

III-^  {Pol),  (1  +  1)P   .    . 

Hemimorphite, 
ZnSi03,Zn(OH)2. 

Hoi. 

8 

(1  +  1  +  1)11-^,  {1+1  +  1)P    .    . 

Potassium     sul- 
phate. 

Tetragonal . 

E. 

9 

1IV-.4  {Pol.)                .        ... 

Barium   antimonyl 
tartrate. 

10 

1  IV-^  {Alt.) 

No  example  known. 

E. 

11 

IIV-^,  (2  +  2)11-^     .    .       .    . 

Strychnine  sul- 
phate. 

12 

1  1V-J[,  IP 

Scheelite,   CaWOj. 

13 

1  W-A  {Pol.),  {2  +  2)P   .    .    . 

lodosuccinimide. 

14 

1  JV-A  {Alt.),  2  11-^,  2P  .    .    . 

Urea. 

Hoi. 

15 

IIV-^  (2  +  2)II-.4,(l  +  2  +  2)P 

Zircon,  ZrSiOj. 

Rhombohe- 
dral 

E. 

16 

1  III.4  {Pol.) 

Sodium  periodate. 

17 

1  VI-^  {Alt.)        

Dioptase, 

CuH^SiO,!. 

E. 

18 

1  III-^,  3  11-^  {Pol.) 

Quartz,  SiOa- 

19 

1  Ill-A,  IP        

No  example  known . 

20 

1  III-^  {Pol),  3P 

Tourmaline    (com- 
plex silicate). 

21 

lYIA  {Alt.),SlI-A,  3P      .   . 

Calcite,  CaCOg. 

Hoi. 

22 

IIII-^,  3II-.4,3P 

Benitoite, 

BaTiSigOg. 

Hexagonal  . 

E. 

23 

1  Yl-A  {Pol.) 

Strontium  antimo- 
nyl tartrate. 
Barium  antimonyl 

E. 

24 

1  VI-A,  (3  +  3)11.1          .... 

tartrate    +    pot- 

assium nitrate. 

25 

1  VI-^,  IP       .   .             .       . 

Apatite, 

Ca,,F(P04)3. 

26 

1  VI-.4  {Pol),  6P         

Silver  iodide. 

Hoi. 

27 

1  VI-^,  (3  +  3)11-^,  (l  +  3  +  3)P 

Beryl, 

Be3Al,(SiO,)6. 

Cubic     .     . 

E. 

28 

4  111-^,3  11-^      .    .       ... 

Sodium  chlorate. 

E. 

29 

4  III-^,  3  IV-^,  6  11-^  . 

Sal-ammoniac. 

30 

4  III-^,  3  11-^,  3P 

Iron  pyrites,  FeS^. 

31 

4  111-^  (Po?.),  311-^,  6P.    .    . 

Zinc  blende,  ZnS. 

Hoi. 

32 

4  111-^,  3  1V-4,  6II-^,{3h-6)P 

Fluorspar,  CaFa. 

1  The  numerical   order  of  the  classes  is   that  adopted  by  Tutton  in  his 
Crystallography  and  Practical  Crystal  Measurement,  p.  143  (Macmillan,  1911). 
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there  are  several  planes  of  symmetry  they  are  divided  up  into 
groups,  the  members  of  each  group  occupying  similar  positions 
in  the  crystal ;  thus,  (3  +  l)P  signifies  that  there  are  altogether 
four  planes  of  symmetry,  three  of  which  are  similar  (i.e.,  are 
parallel  to  faces  belonging  to  the  same  form),  but  different 
from  the  fourth.  The  same  procedure  is  adopted  for  the  axes. 
Those  eleven  classes  in  which  enantiomorphism  is  possible  are 
indicated  by  the  letter  ^.  The  class  in  each  system  with 
highest  symmetry  is  often  termed  holohedral  ("  Sol ")  since  the 
number  of  faces  belonging  to  each  form  is  the  greatest  possible. 

POLYMORPHISM. 

113  In  his  celebrated  system  of  classifying  minerals  devised 
"in  1801,  Hauy  propounded  the  following  two  principles ;  (1) 
a  given  substance  always  crystallises  in  the  same  form,  (2) 
similarity  of  form  of  two  substances,  except  in  crystals  of  the 
cubic  system,  indicates  a  complete  identity  of  chemical  com- 
position. It  was,  however,  soon  found  that  his  principles  could 
not  be  applied  in  all  their  generality,  for  exceptions  to  both  of 
these  statements  were  known  even  at  that  time,  and  many  more 
were  soon  discovered  and  established  by  careful  investigation. 

In  1821,  Mitscherlich  proved  that  the  property  of  crystal- 
lising in  two  distinct  forms,  i.e.,  forms  which  are  not  referable 
to  the  same  parameters,  is  common  to  many  substances  both 
elementary  and  compound,  and  he  termed  such  substances 
dimorphoics. 

It  has  since  been  found  that  other  substances  are  capable  of 
existence  in  three  or  even  four  distinct  crystalline  forms,  as,  e.g., 
titanium  dioxide  and  ammonium  nitrate  respectively.  These 
are  termed  trimorphous  and  tetr amorphous,  whilst  the  general 
term  poli/morphous  is  applied  to  all  substances  which  possess 
more  than  one  crystalline  form. 

The  different  modifications  of  polymorphous  substances  are 
not  only  distinguished  by  their  crystalline  form,  but  also  differ 
in  their  other  physical  properties,  such  as  specific  gravity,  hardness, 
cleavage,  refractive  power,  &c.  In  fact,  they  behave  physically 
like  distinct  substances.  These  differences,  however,  exist  only 
in  the  crystalline  condition,  the  various  forms  yielding  identical 
solutions,  melts,  and  vapours.  The  differences  therefore  would 
seem  to  be  due  solely  to  a  difference  in  the  arrangement  of  the 
chemical  molecules  in  the  crystal  structure.     Substances  of  the 
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same   composition   which   preserve    their   individuality    when 
dissolved  are  not  polymorphous  modifications  but  isomerides. 

Sulphur  is  an  excellent  example  of  a  polymorphous  substance. 
At  least  four  crystalline  modifications  are  known,  as  well  as 
several  amorphous  varieties ;  only  two  of  the  crystalline 
modifications  will  be  considered.  One  of  these  occurs  in  nature, 
and  is  rhombic  (class  6),  with  a  :&  :c  =  0-8130  : 1 : 1'9030  (Fig. 
67),  the  specific  gravity  being  2-07.  It  is  also  formed  on 
evaporation  of  a  solution  at  the  ordinary  temperature.  The 
second  modification  was  discovei-ed  by  Mitscherlich  by  allowing 
fused  sulphur  to  cool ;  it  is  monoclinic  (class  5),  with  a:b:c  = 
0-9958:1  : 0-9998 ;  /g  =  95°46',  and  the  specific  gravity  is  1-96 
(Fig.  68).  The  rhombic  form  is  stable  at  the  ordinary 
temperature,  but  at  95-6°  it  changes  with  absorption  of  heat 


Fig.  67. 


Fig.  68. 


into  the  monoclinic  variety,  which  is  stable  from  this 
temperature  up  to  the  melting  point.  The  reverse  change, 
accompanied  by  evolution  of  heat,  occurs  when  the  monoclinic 
crystals  are  cooled  below  95-6°.  This  "  transition  temperature  " 
is  influenced  by  change  of  pressure,  and  Tammann  ^  has 
found  that  under  a  pressure  of  1288  atmospheres  the 
transition  point  is  151°.  This  is  also  the  melting  point 
of  the  monoclinic  modification  under  the  pressure  mentioned, 
so  that  under  higher  pressures  and  temperatures  it  ceases  to 
have  any  stable  existence.  Similar  cases  are  known  in  which 
under  the  ordinary  atmospheric  pressure  the  transition  tem- 
perature is  above  the  melting  point  of  one  of  the  two  modifi- 
cations. 

The  exceptions  to  Hauy's  second  statement  are  isoinorphous 
substances  (page  211). 

1  Tammann,  Ann.  Physik,  1899,  [3],  68,  633, 
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CRYSTALLOCHEMICAL    ANALYSIS. 

114  Since,  with  the  exception  of  substances  belonging  to  the 
cubic   system,    no    two    substances    are    alike,    the    possibility 
of  identifying  a   given   unknown    substance  by  measurement 
becomes   obvious,   provided   the   substance   has   already    been 
examined  crystallographically.     Such  a  process  of  identification 
has  been  termed  "  Crystallochemical  Analysis  "  by  Fedoroff,'  who 
has  succeeded  in  classifying  all  the  available  crystallographic 
material  so  as  to  permit  of  easy  reference.  _  The  classification 
depends  on  the  principle  that  the  angles  in  the  most  important 
zone  of  a  crystal  approximate  either  to  90°  or  to  60°,  or  in  other 
words  crystals  are  either  pseudo-tetragonal  or  pseudo-hexagonal. 
A  good  example  is  potassium  dichromate,  which  is  triclinic  with 
ft :  5 :  c  =  1-0116  : 1 : 1-8146 ;  a  =  98°  0', /3=  96°  13',  7  =  90°  51'.  Now 
these  values  are  not  far  removed  from  the  hypothetical  values, 
1:1:1-8146;    a  =  ^  =  7  =  90°,   which   would    be   characteristic 
parameters  for  a  tetragonal  crystal.     Each  substance  hitherto 
measured  (the  total  being  about  ten  thousand)  has  been  given  a 
"  correct  setting,"  i.e.,  has  been  set  up  so  that  the  important  90° 
or  60°  zone  is  placed  in  the  vertical  direction.     An  index  of  all 
these  correct  settings  has  been  compiled,  the  values  of  certain 
characteristic    angles,    never    exceeding   five    in    number   and 
usually   only   two  or  three,  being  taken  as  the  basis  of  the 
sub-  arrangement. 

An  unknown  substance  can  be  quickly  identified  by  measur- 
ing one  or  two  crystals ;  an  examination  of  the  various  angles 
leads  to  the  discrimination  of  the  correct  setting,  and  the 
characteristic  angles  can  then  be  selected.  A  substance  having 
these  angles  is  sought  for  in  the  index,  and  identification  is 
effected.  Apart  from  its  great  theoretical  interest,  the  new 
method  is  likely  to  be  of  the  utmost  practical  utility,  especially 
in  those  cases  where  only  a  small  amount  of  material  is  available. 
The  index  will  be  published  in  the  year  1914. 


CRYSTAL    STRUCTURE.^ 

115  The   first    real    theory   of  crystal    structure    is    due  to 
Haliy,  who  advanced  the  idea  that  a  crystal  is  built  up  of  minute 

1  Fedoroflf,  Zeit.  Kryal.  Min.,    1912,  50,  513  ;  Barker,  Chem.  News,   1912, 
106,  199. 
^  Consult  Brit.  Assoc.  Report,  1901,  297. 
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units  having  the  form  of  the  cleavage  figure,  and  packed 
together  so  as  to  fill  space  completely.  The  structure  of  a 
crystal  of  sodium  chloride  on  this  theory  is  shown  in  Figs.  69 
and  70,  which  illustrate  also  the  development  of  an  octahedral 
facet  at  one  of  the  corners.  This  and  other  inclined  facets 
present  a  step-like  character  which  distinguishes  them  from 
those  containing  the  faces  of  the  cubelets.     As  the  irregularity 
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Fig.  69. 


Fig.  70. 


is  of  molecular  dimensions,  no  experimental  evidence  of  this 
distinction  is  looked  for. 

Now  it  is  extremely  unlikely  that  the  whole  space  is 
occupied  by  actual  matter,  the  physical  properties  of  crystals 
pointing  rather  to  discontinuity  of  structure.  If  each  cubelet 
be  replaced  by  a  molecule  represented  by  a  point  placed  at  its 
centre,  the  "  space  lattice  "  structure  of  Fig.  71  is  obtained. 


Fig.  71. 

This  removes  the  distinction  between  cube  faces  and  other 
faces  just  referred  to;  all  are  alike  formed  by  drawing  planes 
through  parallel  files  of  points.  The  faces  differ,  however,  in  two 
respects,  (1)  in  the  pattern  presented  by  the  points  of  a  plane, 
which  is  square  in  the  cube  planes  and  rhombic  in  the  octahedral 
planes,  (2)  in  the  density  with  which  the  plane  is  beset  with 
points,  the  density  being  greater  in  the  cube  than  in  the  octa- 
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hedral  plane.  It  has  been  suggested  that  the  directions  of 
cleavage  have  some  relation  to  this  "  reticular  density." 

The  various  space  lattices  were  studied  thoroughly  by  Bra vais, 
who  showed  that  fourteen  types  are  distinguishable,  falling 
under  the  seven  crystalline  systems.  The  symmetry,  however, 
is  always  that  of  the  holohedral  class  of  each  system ;  thus  the 
existence  of  the  lower  classes  of  symmetry  necessitates  a 
further  assumption.  Bravais  met  the  requirement  by  employ- 
ing small  symmetrically  shaped  particles  instead  of  mere 
points,  the  shape  and  orientation  of  these  particles  being 
such  as  to  produce  the  lowering  of  symmetry  requisite  in  each 
case. 

Subsequent  workers  have  shown  not  only  that  it  is  possible 
to  account  for  all  the  thirty-two  classes  without  having  recourse 
to  Bravais  particles,  but  also  that  a  new  method  of  treatment 
reveals  possible  cases  of  crystal  structure  which  are  not  capable 
of  representation  by  his  method.  There  are  two  stages  in  this 
final  development. 

The  first  advance  is  due  in  its  completed  form  to  Sohncke.^ 
It  will  be  observed  that  the  space  lattice  is  homogeneous,  every 
part  of  the  structure  being  the  same  as  any  other  part.  Sohncke 
showed  that  sixty-five  types  of  arrangement  of  points  in 
space  ("  point-systems  ")  are  possible  which  fulfil  the  following 
definition  of  "  homogeneity  "  ;  the  system  of  points,  regarded  as 
unlimited,  is  such  that  the  arrangement  around  any  one  of 
the  points  is  the  same  as  around  any  other. 

The  second  and  final  advance  consisted  in  enlarging 
Sohncke's  definition  of  homogeneity  in  the  following  sense : 
the  assemblage  around  a  selected  point  may  be  the  same  as, 
or  the  mirror  image  of,  the  assemblage  around  other  points. 
By  introducing  this  principle  of  enantiomorphous  similarity,  it 
was  discovered  independently  by  Fedoroff,  Schoenflies,  and 
Barlow  ^  that  there  are  in  all  230  generalised  types  of  point 
systems,  which  can  be  allocated  to  the  thirty-two  classes  accord- 
ing to  their  symmetry. 

The  geometrical  investigation  of  the  possible  types  of 
arrangement  of  the  molecules  in  crystals  may  be  regarded  as 
final.     The  discovery  of  the  particular  arrangement  which  holds 

'  Sohncke,  Entwickdung  einer  Theorie  der  Krystallstruldur,  Leipzig,  1879  ; 
Zeit.  Kryst.  Min.,  1888,  14,  423. 

^  Consult  H.  Hilton,  Mathematical  Crystallography  (Oxford,  Clarendon 
Press,  1903). 
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for  any  given   crystal  is  a  much   more   difficult  matter  (see 
page  220). 

A  remarkable  optical  indication  of  the  existence  of  a  regular 
space  lattice  structure  in  crystals  has  been  recently  furnished  by 
Laue,  Friedrich,  and  Knipping.^  The  distance  between  con- 
tiguous molecules  in  a  space  lattice  has  been  calculated  to  be  of 
the  order  10"^  cm.,  whilst  the  wave-length  of  Rontgen  rays  is  less, 
being  of  the  order  10"^  cm.  A  photograph  of  a  circular  beam  of 
Eontgen  rays  which  has  passed  through  a  crystal  shows  not 
only  a  round  central  dark  spot,  corresponding  to  the  undeviated 
beam,  but  also  surrounding   it   a   number  of  smaller  patches 
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Fig.  72. 


which  are  due  to  secondary  rays  set  up  in  the  crystal.  The 
apparatus  used  is  shown  in  Fig.  72,  where  A  is  the  X-ray 
tube,  Bj  — B^  diaphragms  allowing  a  narrow  beam  of  rays  about 
075  mm.  diameter  to  fall  on  the  crystal  Kr  which  is  adjusted  on  a 
goniometer.  The  screen  S  and  the  box  K  are  made  of  lead. 
The  photographic  plates  were  placed  in  positions  P^  —  P5  and 
treated  to  a  very  long  exposure. 

The  results  obtained  from  sections  of  zinc  blende,  ZnS, 
parallel  respectively  to  the  cube  and  octahedral  planes,  are 
reproduced  in  Figs.  73  and  74.  The  symmetry  in  the  first 
figure  consists  of  four  planes  of  symmetry  intersecting  at  angles 

1  SiU.  Bayer.  Akad.   Wiss.,  June  8th,  1912,  pp.  .30.3,  363. 
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of  45°,  and  an  axis  of  four-fold  symmetry.  In  the  second  figure 
there  are  three  planes  of  symmetry  intersecting  at  120°,  and  a 
three-fold  axis  of  symmetry.  Now  this  symmetry  is  precisely 
that  which  a  cubic  space  lattice  would  exhibit  when  viewed 
perpendicularly  to  a  cube  and  an  octahedral  face  respectively, 


# 


Fig.  73.  Fig.  74. 

and  the  photographs  undoubtedly  reveal  the  space  lattice 
nature  of  the  structure.  It  is  perhaps  too  early  to  state  the 
full  meaning  of  the  result.  A  possible  interpretation  appears 
to  be  that  each  separate  patch  is  due  to  deflection  of  the 
original  beam  of  rays  by  parallel  planes  of  particles  in  the  space 
lattice. 


CHEMICAL  CRYSTALLOGRAPHY. 

ii6  The  study  of  the  correlation  of  chemical  composition  with 
crystalline  form  and  structure  is  a  subject  of  great  interest,  and 
is  termed  chemical  crystallography.  Any  change  in  the  arrange- 
ment of  the  atoms  in  the  molecule  (isomerism)  is  found  to 
lead  to  a  profound  difference  in  the  form  of  the  crystals ;  more 
than  this,  under  different  conditions  of  temperature  and 
pressure  one  and  the  same  compound  may  crystallise  in  entirely 
different  forms  (polymorphism).  These  two  facts  go  far  to  prove 
that  the  crystalline  form  is  a  highly  constitutive  property,  and 
is  a  direct  outcome  of  the  forces  mutually  operative  between 
the  various  atoms  in  the  molecule.  This  deduction  is  confirmed 
by  the  observation  that  the  closer  the  chemical  similarity  of  two 
given  compounds,  the  more  striking  is  the  similarity  of  crystal- 
Ime   form :    optical   antipodes   crystallise   in   enantiomorphous 
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forms :  substances  of  very  similar  composition  and  constitution 
generally  yield  "  isomorphous "  crystals  (see  p.  211);  and,  in 
other  cases  where  the  chemical  similarity  is  less  pronounced, 
certain  relationships  may  yet  be  found  between  the  crystalline 
forms  of  the  compounds  ("  morphotropy,"  p.  219). 

The  subject  of  chemical  crystallography  has  engaged  the 
attention  of  investigators  since  comparatively  early  times,  and  a 
vast  amount  of  material  has  been  accumulated.  Considerable 
advances  have  been  made  recently  in  the  study  of  the 
dependence  of  the  crystal  structure  on  chemical  composi- 
tion, as  a  result  of  the  interesting  theoretical  work  of  Barlow 
and  Pope,  and  of  Sollas,  and  it  would  appear  reasonable  to  hope 
that  further  work  on  the  same  lines  will  ultimately  lead  to 
far-reaching  extensions  of  stereochemical  knowledge.^ 

Enantiomorpliism  of  Molecule  and  of  Crystalline  Form.— 
Although  it  had  long  been  recognised  that  optical  activity  is 


Fig.  75. 


Fig.  76. 


Fio.  77. 


Fig.  78. 


the  result  of  a  certain  asymmetry  of  arrangement,  the  greatest 
discovery  of  all  was  reserved  for  Pasteur,  who  in  the  year  1848 
showed  that  substances  endowed  with  optical  activity  in  solution 
crystallise  in  enantiomorphous  forms.  He  also  recognised  that 
in  such  cases  the  seat  of  the  optical  activity  lies  in  the  un- 
symmetrical  character  of  the  atomic  groupings  in  the  chemical 
molecule.  On  allowing  the  sodium  ammonium  salt  of  racemic 
acid  to  crystallise,  the  two  kinds  of  crystals  of  Figs.  75  and  76 
were  deposited,  which  could  be  distinguished  by  means  of  the 
hemihedral  facets  p  and  p',  and  separated  from  each  other. 
On  dissolving  in  water,  the  two  kinds  of  crystals  gave  oppositely 
'  For  further  information  on  this  subject,  see  Fock,  An  Introduction  to 
Chemical  Crystallography,  translated  by  W.  J.  Pope  (Oxford,  Clarendon  Fress, 
1895)  ;  Groth,  EinUitung  in  die  chemische  Krystallographie  (Leipzig,  Jingel- 
mann,  1904);  English  translation  by  H.  Marshall  (Gurney,  1906);  also 
Barker,  Chemical  Crystallography  (Longmans,  1913). 
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active  solutions,  from  one  of  which  Pasteur  obtained  ordinary 
(^-tartaric  acid,  but  from  the  other  a  new  acid — ^tartaric  acid. 

It  was  suggested  by  Pasteur  that  the  atomic  grouping  is  of  a 
spiral  or,  perhaps,  tetrahedral  character.  The  latter  idea  may 
have  been  suggested  to  him  by  the  fact  that  the  hemihedral 
facets  of  Figs.  75  and  76,  when  extended  in  space,  form  the 
tetrahedra  of  Figs.  77  and  78,  one  of  which  is  the  non-super- 
posable  mirror  image  of  the  other. 

Somewhat  later,  by  giving  a  spacial  extension  to  the  Kekule 
hypothesis  of  quadrivalent  carbon,  it  was  pointed  out  by  van't 
Hoff  and  Le  Bel  independently  that  the  enantiomorphous 
character  of  the  molecular  configuration  of  tartaric  acid,  as  well 
as  that  of  many  other  optically  active  organic  compounds,  is  due 
to  the  presence  of  one  or  more  "  asymmetric  "  carbon  atoms,  i.e., 
atoms  directly  combined  to  four  dissimilar  groups.  Further, 
the  asymmetric  carbon  atom  may  be  supposed  to  be  placed  at 
the  centre  of  a  tetrahedron,  the  four  groups  being  at  the 
corners.  Subsequently,  optically  active  compounds  containing 
selenium,  tin,  sulphur,  phosphorus  and  nitrogen  united  to 
different  groups  have  been  obtained,  and  there  has  been  a  dis- 
position to  ascribe  the  activity  to  the  presence  of  the  asymmetric 
atoms.  A  more  satisfactory  view,  however,  is  to  ascribe  the 
activity  to  the  enantiomorphous  configuration  of  the  molecule 
as  a  whole.  Optically  active  compounds  have  been  prepared 
by  Werner  ^  which,  perhaps,  do  not  contain  an  asymmetric  atom, 
e.ff.,  potassium  chromium  oxalate,  K3Cr(C204)3,H20;  the  atomic 
configuration,  however,  is  of  such  a  character  that  it  is  non- 
superposable  on  its  mirror  image. 

The  true  test  for  enantiomorphism  of  molecular  structure  is 
not  the  presence  or  absence  of  any  particular  atom  united  to 
dissimilar  groups,  but  the  absence  of  plane,  centre,  and 
alternating  axes  of  symmetry  in  the  molecule  as  a  whole,  the 
presence  of  any  one  of  these  elements  of  symmetry  being 
sufficient  to  cause  identity  of  the  molecule  with  its  mirror  image. 
For  example,  1 :  4-diketo-2  :  5-dimethylpiperazine  ^  exists  in  two 
forms,  cis-  and  trans-  : — 


CH3            CH3 

CH,                    H 

1    /NH    CO.     1 

c<           >c 

1   ^CO    NH-^  1 

l^NH^CO^I 
1  ^CO— NH^  1 

H                       H 

H                        CH3 

cis. 

trans. 

3er.,  1912,  45,  3061.            ^ 

Fischer,  Ber.,  1906,  39,  467,  3981 
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Now  the  CIS- form  only  possesses  a  two-fold  axis  and  has 
therefore  a  non-superposable  mirror  image;  but  the  trans-iorm, 
although  devoid  of  a  plane  of  symmetry,  has  a  centre  of  symmetry 
since  a  line  passing  through  the  centre  of  the  ring  meets 
similar  groups  or  atoms  at  the  two  ends  (the  carbonyl  oxygen 
and  the  imido-nitrogen  being  in  the  plane  of  the  ring).  The 
former  exists  in  two  optically  active  forms,  the  latter  does 
not. 

The  numerical  values  of  all  properties  of  antipodal  crystals 
are  identical ;  thus,  the  specific  gravity,  molecular  volume, 
and  refractive  indices  are  the  same,  as  well  as  the  angles  and  the 
parametral  ratios ;  and  it  is  only  by  means  of  such  properties  as 
pyro-electricity,  the  sign  of  the  rotatory  power,  the  develop- 
ment of  hemihedral  facets,  and  the  orientation  of  etched  figures 
that  the  crystals  can  be  distinguished. 

Racemic  substances,  or  compounds  of  the  two  antipodes  in  equal 
molecular  proportions,  do  not  bear  a  very  close  crystallographic 
relationship  to  the  antipodes  themselves ;  in  some  cases,  how- 
ever, morphotropic  resemblances  appear  to  exist,  as  has  been 
pointed  out  especially  by  Jerusalem. ^ 

Pseudo-racemic  compounds  have  practically  the  same  para- 
meters as  the  pure  antipodes,  and  are  to  be  looked  upon  as  mixed 
crystals  or  intimate  intercalations  of  active  material  of  the  two 
kinds  (see  p.  198). 

117  /somorjo/itsm.*— Haiiy's  second  principle,  that  identity  of 
crystalline  form  implies  identity  of  composition,  was  soon  found 
to  be  inconsistent  with  facts.  As  long  ago  as  1784,  I,eblanc 
had  shown  that  crystals  of  an  identical  form  could  be  obtained 
from  solutions  containing  sulphate  of  copper  and  sulphate  of 
iron  mixed  in  very  different  proportions.  He  likewise  states 
that  crystals  of  alum,  a  sulphate  of  aluminium  and  potassium, 
may  frequently  be  found  to  contain  a  considerable  quantity 
of  iron,  although  no  alteration  in  the  crystalline  form  can  be 
noticed.  Vauquelin,  too,  showed  in  1797  that  common  potash 
alum  may  contain  large  quantities  of  ammonium,  and  yet  the 
crystalline  form  of  the  substance  does  not  undergo  any  change. 
It  is  well  known  also  that  many  minerals  which  are  identical 
in  crystalline  form  may  possess  a  very  different  chemical 
composition.  Thus  the  common  garnet,  crystallising  in  the  cubic 
system,  sometimes  contains  much  iron  and  little  aluminium 
and  sometimes  large  quantities  of  aluminium  and  little  iron. 

1  Journ.  Chan.  Soc,  1912,  101,  1268. 
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Berthollet  considered  facts  like  these  to  be  in  accordance  with 
his  views  on  chemical  combination,  but  Proust  explained  them 
by  supposing  that  we  have  here  to  deal,  not  with  chemical 
compounds,  but  rather  with  mechanical  mixtures. 

In  the  year  1816,  Gay-Lussac  made  the  remarkable  observa- 
tion that  when  a  crystal  ot  common  potash  alum  is  suspended 
in  a  saturated  solution  of  ammonia  alum  it  grows  exactly  as  if 
it  had  been  placed  in  the  solution  from  which  it  was  originally 
obtained.  From  this  fact  he  drew  the  conclusion  that  the 
molecules  of  these  two  alums  possess  the  same  form.  Later  on, 
in  1819,  Beudant  noticed  that  if  solutions  containing  two  of  the 
following  salts,  sulphate  of  zinc,  sulphate  of  iron,  or  sulphate  of 
copper,  are  crystallised,  the  deposited  crystals  always  possess 
the  form  of  one  of  these  salts,  although  they  contain  a  con- 
siderable quantity  of  the  other  salt,  which,  when  crystallised  by 
itself,  possesses  a  totally  different  form. 

In  order  to  explain  these  and  similar  well-recognised  facts 
Haliy  supposed  that  certain  substances  possess  the  power 
of  crystallisation  to  such  a  degree  that  even  when  present  in 
small  quantities  they  compel  other  substances  to  adopt  their 
crystalline  form. 

Clear  light  was  thrown  on  this  subject  by  the  researches  of 
Mitscherlich,  published  in  1819.  Mitschei-lich  showed  that  the 
compounds  of  various  elements  possessing  a  similar  composition 
have  also  identical  crystalline  form,  as  ascertained  by  the 
measurement  of  their  angles.  The  first  substances  examined 
by  Mitscherlich  were  the  arsenates  and  phosphates  of  sodium, 
potassium  and  ammonium.  He  showed  not  only  that  the  crystals 
of  the  phosphate  and  arsenate  of  the  same  metal  contain  the 
same  amount  of  water  of  crystallisation,  and  crystallise  in  the 
same  form,  but  also  that  when  the  two  salts  are  mixed  in  varying  • 
quantities  the  crystals  which  such  solutions  deposit  are  of  the 
same  form  as  those  obtained  from  solutions  of  the  pure  salts, 
whilst  the  proportions  of  the  ingredients  in  the  crystal  vary 
according  to  their  proportions  in  the  solution.  Hence  Mitscherlich 
concluded  that  analogous  elements  or  groups  of  elements  can 
replace  one  another  in  compounds  without  any  alteration  of 
crystalline  form.  Such  substances  are  said  to  be  isomorphous 
(tao<i,  equal,  fiop(j>rj,  shape).  Many  other  compounds  were 
shown  by  Mitscherlich  to  conform  to  the  above  law. 

Mitscherlich  was  at  first  of  the  opinion  that  the  geometrical 
similarity  of  isomorphous  substances  is  complete,  that  is,  that 
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they  have  absolutely  the  same  angles.  He  was  not  aware  of. 
the  work  of  Wollaston,^  who  some  seven  years  previously  had 
measured  very  carefully  the  rhombohedral  cleavage  angle  of  the 
following  naturally  occurring  carbonates  and  obtained  the 
values :— calcite,  CaCOg  =  74°  55';  dolomite,  CaMg(C03)2  =  73°  45'; 
and  spathic  iron  ore,  FeC03=73°  0'.  All  subsequent  measure- 
ments have  confirmed  these  values,  and  they  are  the  ones 
actually  accepted  at  the  present  day.  After  obtaining  a 
Wollaston  goniometer,  Mitscherlich  found  that  isomorphous 
substances  are  not  identical,  but  merely  very  similar,  in 
angles.  All  subsequent  work  has  confirmed  this  view,  except, 
of  course,  in  the  case  of  cubic  substances,  the  angles  of 
which  are  constant  for  all,  being,  in  fact,  determined  by  the 
symmetry. 

ii8  The  Belation  of  Isomorphism  to  Chemical  Constitution. — 
The  necessity  for  a  similar  arrangement  of  atoms  in  the  molecules 
of  isomorphous  compounds  was  appreciated  by  Mitscherlich, 
but  its  full  importance  became  apparent  only  after  the  develop- 
ment of  the  structure  theory — a  product  of  organic  chemistry 
which  was  subsequently  applied  to  inorganic  substances.  It 
was  recognised  that  isomorphous  substances  have  a  similar 
atomic  arrangement :  for  example,  the  constitutional  formulae  of 
potassium  sulphate  and  selenate  are  completely  analogous. 
The  formulation  of  the  periodic  classification  provided  a  further 
stimulus  to  the  study  of  isomorphism.  It  now  became  evident 
that  in  most  simple  isomorphous  compounds  the  replaceable 
elements  belong  to  the  same  sub-group  of  Mendeleeff  s  arrange- 
ment, e.g.,  potassium,  rubidium,  and  caesium ;  chlorine,  bromine, 
and  iodine ;  iron,  nickel,  and  cobalt.  In  the  more  complicated 
compounds,  however,  especially  in  the  large  class  of  double  salts, 
a  considerably  greater  degree  of  freedom  exists  :  elements  which 
are  not  in  the  same  sub-group  of  the  periodic  classification 
can  replace  each  other  isomorphously,  provided  that  the  degree 
of  oxidation  (valency)  is  the  same,  e.g.,  the  metals  copper,,  zinc, 
cadmium,  manganese,  iron,  nickel,  and  cobalt  are  capable  of 
isomorphously  replacing  the  metal  magnesium  in  rubidium 
magnesium  sulphate  (see  p.  189). 

The  very  striking  similarity  of  calcite   and  sodium  nitrate 

has  long  been  known,  but  as  a  direct  result  of  the  development 

of  the  structure  theory  in  chemistry  there  has  been  a  tendency 

to  dispute  the  isomorphism  on  account  of  the  dissimilarity  of 

1  Phil.  Trans.,  1812,  102,  159. 
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constitution  when  the  two  compounds  are  formulated  on  the 
conventional  lines  of  valency,  viz., 

0  =  C<g>Ca  g>N-0-Na. 

It  has,  however,  been  pointed  out  ^  that  this  case  is  by  no  means 
isolated,  for  there  are  many  other  isomorphous  series  of 
compounds  which  present  similar  peculiar  features  of  chemical 
constitution.  The  following  four  series  will  serve  as 
illustrations : 

Tetragonal  System. 

Potassium  periodate  (Fig.  35,  p.  183)      .  KIO4  .  a:c  =  l:  1-5534. 

Soheelite  (calcium  tungstate)     .            .    .  CaWOi  =1:1-5268. 

Potassium  osmiamate KOsOjN  =1:1-6319. 

Rhombic  System. 
Potassium  perchlorate  (Fig.  47,  p.  190)  .  KCIO4  .a:b:c  =  0-7817  :  1  :  1-2792. 

Barytes  (barium  sulphate) BaSO^  =0-8152:1:1-3136. 

Potassium  borofluoride    .  ...    .  KBF4    .  =0-7898:1:1-2830. 

Rhombic  System 
Potassium  sulphate  (Fig.  44,  p.  189)        .  K2SO4  .  a  :  6  :  c  =  0-5727  : 1  :  0-7418. 
Potassium  glucinum  fluoride K^BeFj  =  0-5708  :  1  :  0-7395. 

Tetragonal  System. 

Xenotime         YPO4  a  :  c  =  1  :  0-6177. 

Zircon  (Fig.  48,  p.  191)  .    .        .    .  ZrSiOj  .  =  1  :  0-640. 

Cassiterite  or  tinstone  .    .  SnOg  or  SnSnOj         =1:0-6726. 

It  will  be  seen  that  although  in  each  series  there  is  a  complete 
analogy  of  composition  with  respect  to  the  total  number  of  the 
atoms  in  the  molecule,  yet  the  constitutions  as  ordinarily  accepted 
are  quite  different.  A  possible  explanation  appears  to  be  that  the 
theory  of  coordination  advanced  by  Werner  is  applicable  to  the 
compounds  enumerated. 

119  Mittual  Affinities  of  Isomorphous  Substances. — It  has 
been  mentioned  that  all  cubic  substances  are  isomorphous  in  the 
literal  sense  of  the  word,  but  to  designate  substances  like  alum 
and  potassium  platinichloride  isomorphous,  merely  because 
they  both  crystallise  in  regular  octahedra,  would  be  entirely 
misleading.  On  this  account  the  term  isomorphism  has  long 
been  restricted  to  those  substances  whose  similarity  of  form  is 
unquestionably  due  to  a  far-reaching  similarity  of  internal 
structure,  which  is  in  turn  the  result  of  a  close  correspondence  of 
atomic  and  molecular  constitution.  Owing  to  the  similarity  of 
structure,  isomorphous  compounds  in  this  narrow  sense  are 
endowed  with  very  special  properties  :  (1)  they  form  mixed 
crystals  or  isomorphous  mixtures  in  variable  proportions ;  (2) 
'  Barker,  Jmirii.  Ghem.  Soc,  1912,  101,  2484. 
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they  are  capable  of  forming  regular  overgrowths  or  "  parallel 
growths  "  on  each  other  ;  (3)  a  crystal  fragment,  when  introduced 
into  a  supersaturated  solution  of  another  substance  isomorphous 
with  it,  immediately  relieves  the  supersaturation  and  causes  a 
copious  separation  of  crystals.^  These  three  properties  have 
been  employed  to  test  the  character  of  the  isomorphism  in 
suspected  cases,  but  recent  investigations  have  proved  that 
pairs  of  admittedly  isomorphous  substances  fail  to  respond  to 
the  three  tests  when  the  molecular  volumes  are  not  sufficiently 
close  in  value. 

Isomorphous  Mixtures. — The  properties  of  isomorphous  mix- 
tures are  a  continuous  function  of  the  percentage  composition 
(Retgers),  and  in  many  cases  this  function  is  practically  linear  ; 
so  that  the  values  of  a  property  of  the  mixture  can  be  very 
simply  calculated.  Many  isomorphous  substances,  however,  are 
not  miscible  in  every  proportion,  each  being  capable  of  taking 
up  only  a  limited  amount  of  the  other ;  others,  again,  do  not 
mix  at  all.  Thus,  according  to  Wulff,^  ammonium  sulphate 
(molecular  volume  =  74-63)  mixes  in  all  proportions  with 
rubidium  sulphate  ('73-77),  and  also  completely  with  potassium 
sulphate  (65-33)  and  with  caesium  sulphate  (85-17). 
Potassium  and  caesium  sulphates,  however,  are  completely 
immiscible. 

Parallel  Growths. — This  subject  has  been  especially  studied 
by  Barker,^  who  in  addition  to  observations  on  many  other 
substances  has  found  that  potassium  and  caesium  sulphates 
yield  quite  irregular  deposits  on  each  other,  whilst  all  other 
possible  pairs  of  the  sulphates  mentioned  above  always  give 
parallel  growths. 

Belief  of  Supersatiiration.—Onv  knowledge  concerning  the 
state  of  supersaturation  has  been  greatly  enlarged  by  the  work 
of  Miers  and  Isaac,*  who  from  observations  of  the  change  of 
refractive  index  of  a  cooling,  supersaturated,  solution  have  arrived 
at  the  conclusion  that  there  are  two  states  of  supersaturation,  viz., 
the  metastable  and  the  labile  states.    A  solution  in  the  metastable 

1  Gerne?,,  Compt.  rend.,  1865,  60,  833,  1027 ;  1866,  63,  843 ;  Lecoq 
de  Boisbaudran,  Ann.  OUm.  Phys.,  1866,  [4],  9,  173;  Thomson,  Joum. 
Chem.  Soc,  1879,  35,  198  ;     Thomson  and  Bloxam,  ibid.,  1882,  41,  379. 

2  Wulff,  Zeit.  Kryxt.  Min.,  1906,  42,  558. 

3  Barker,  Joum.  Chem.  Soc,  1906,  89,  1120;  Min.  Mag.,  190/,  14,  Ato ; 
1908  15   42 

0  Miers  and  Isaac,  Jo^mi.  Chem.  Soc,  1906,  89,  413 ;  Isaac,  ibid.,  1908,  93, 

384. 
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condition,  although  supersaturated,  is  not  capable  of  crystal- 
lising spontaneously  (i.e.,  unless  inoculated  with  a  crystal  of  the 
solute),  no  matter  how  violently  it  is  agitated.  If  the  solution 
is  protected  from  the  introduction  of  crystal  nuclei  from  out- 
side, it  will  on  further  cooling  pass  into  the  labile  condition 
and  crystallise  spontaneously.  A  sudden  shower  of  crystals 
then  appears,  the  shower  being  preceded  by  a  sudden  fall  in  the 
value  of  the  refractive  index  of  the  solution. 

Miers  and  Chevalier  have  found  that  calcite  (molecular  volume 
=  36'8)  induces  crystallisation  in  a  metastable  solution  of 
sodium  nitrate  (37"8),  whilst  the  remaining  rhombohedral 
carbonates  (see  below),  with  molecular  volumes  ranging  between 
28'2  and  31'0,  have  no  action. 

Isomorphous  Mixtures  in  Minerals. — Cases  of  isomorphous 
mixtures  are  very  common  among  minerals,  and  the  following 
serve  as  an  excellent  illustration  of  isomorphous  replacement : — 

Apatite  (Fig.  36)     ...     .  Ca5F(POJ3 

Pyromorphite Pb5Cl(POj3 

Mimetite Pb,Cl(AsOj3 

Vanadinite ?\C\(JO^\. 

The  isomorphously  replaceable  chemical  elements  in  these 
minerals  are : — 

(1)  Phosphorus,  Arsenic,  Vanadium  ;  (2)  Calcium  and  Lead ; 
(3)  Chlorine  and  Fluorine.  Not  infrequently  both  chlorine 
and  fluorine  occur  in  the  same  specimen  of  apatite,  and  phos- 
phorus and  arsenic  often  replace  one  another  in  pyromorphite. 

Another  well  marked  case  is  that  of  the  rhombohedral 
carbonates  of  the  metals  calcium,  magnesium,  iron,  zinc,  and 
manganese.  These  minerals  all  crystallise  in  similar  rhombo- 
hedra,  the  values  of  the  rhombohedral  angle  between  cleavage 
planes  being : — 

Calcium  carbonate,  or  calcite,  CaCOg      ....  74°  55' 

Magnesium  carbonate,  or  magnesite,  MgCOg  .     .  72°  35' 

Ferrous  carbonate,  or  spathic  iron  ore,  FeCOg      .  73°     0' 

Zinc  carbonate,  or  calamine,  ZnCOg 72°  20' 

Manganese  carbonate,  or  diallogite,  MnCOg     .     .  73°  55'. 

The  various  metals  enumerated  can  replace  each  other  in 
varying  proportions,  as  is  well  illustrated  by  the  following 
percentage  analysis  of  spathic  iron  ore : — 
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Ferrous  oxide,  FeO 
Manganese  oxide,  MnO 
Lime,  CaO     .... 
Magnesia,  MgO  .     .     . 
Carbonic  acid,  CO., 


45-55 

•12-50 

1-.57 

1-80 

38-58 

100-00 

If  we  now  divide  the  percentage  of  oxide  by  its  combining 

45-55 
weight,   thus  ypg^  for  ferrous  oxide,  &c.,  fee,  we  obtain  the 

following  numbers  representing  the  proportion  between  the 
number  of  equivalents  of  the  several  constituents  present : — 

FeO  =  0-6340,  MnO  =  01762,  CaO  =  0-0280,  MgO  =  00446. 
The  sum  of  these  amounts  (0-8828)  is,  however,  very  nearly 
the  proportion  which  must  be  present  in  order  to  unite  with 

OQ.KQ 

.  ..^^  =  0-8768   equivalent    of  CO2,    the  difference    being  due 

to  errors  of  experiment.  In  other  words,  the  number  of  mole- 
cules of  the  basic  oxides  present  is  the  same  as  that  of  the 
carbon  dioxide  ;  hence  the  formula  for  the  spathic  iron  ore  may  be 
written  (Fe,Mn,Ca,Mg)C03,  signifying  that  the  relative  quanti- 
ties of  the  metals  in  question  present  are  indeterminate,  but  are 
in  the  aggregate  such  as  are  needed  to  combine  with  COg. 
Hence  we  have  the  following  as  the  composition  of  the 
mineral : — ■ 

Ferrous  carbonate,  FeCOg    ....  73-45 

Manganese  carbonate,  MnCOj  .     .     .  2025 

Calcium  carbonate,  CaCOg  ....  2-80 

Magnesium  carbonate, MgCOg .     .     .  376 


100-26 


120  Comparison  of  Isoviorphous  Substances  ly  means  of  Topic 
Axes. — The  parametral  ratios  of  a  crystal  furnish  merely  the 
relative  lengths  of  the  three  edges  of  Haiiy's  structural  unit, 
the  actual  lengths  themselves  remaining  unknown.  It  has 
been  ingeniously  suggested  by  Becke  ^  that  in  the  case  of  two 
isomorphous  substances  the  volumes  of  Haiiy's  units  are 
proportional  to  the  molecular  volumes,  ie.,  the  molecular  weight 
divided  by  the  specific  gravity.  The  volumes  and  also  the  ratios 

1  Becke,  Anzeiger  Akad.  Wise.  Wien,  1893,  30,  304. 
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of  the  edge-lengths  of  the  units  being  known,  it  is  a  simple  matter 
to  calculate  the  edge-lengths  themselves ;  these  three  lengths 
are  termed  the  topic  parameters  or  topic  axes,  and  are  denoted 
by  the  letters  %,  •^,  u).  When  the  pile  of  units  is  supposed 
to  be  replaced  by  molecular  points  at  their  centres,  so  that 
the  structure  becomes  a  space  lattice,  the  topic  axes  then 
represent  the  distances  between  contiguous  molecules  in  the 
three  principal  directions  of  the  structure. 

The  following  table  includes  the  topic  axes  of  the  isomor- 
phous  series  consisting  of  the  sulphates  of  potassium,  rubidium, 
caesium,  and  ammonium,  which  have  been  very  carefully  investi- 
gated by  Tutton.i  One  of  the  most  important  results  of  the 
investigations  of  this  author  is  that,  with  regard  to  the 
geometrical  and  general  physical  properties,  the  rubidium 
compounds  take  up  an  intermediate  position  between  the 
corresponding  compounds  of  potassium  and  ceesium. 


Crystallographic  axes,  a:b  :c. 

Density 

Mol. 
vol. 

Topic  Axes. 

X 

* 

w 

K2SO4           .        0-5727  :  1   -  0-7418 
RbjSOi.           .    0-5723  :  1  .  0-7485 
CS2SO4  .           .    0-5712  :  1  :  0-7531 
(NH4)2S04       .    0-5635  :  1  :  0-7319 

2-666 
3-615 
4-246 
1-772 

64-91 
73-34 

84-58 
74-04 

3  8810 
4-0304 
4-2187 
4-0792 

3-8574 
4-0039 
4-1849 
4  0051 

4-9964 
5-2366 
5-5175 
5-20-20 

It  is  interesting  to  note  that  the  effect  on  the  structure  of 
the  crystal  of  replacing  the  potassium  atom  by  the  ammonium 
radical,  NH^,  is  almost  exactly  the  same  as  that  produced  by 
its  substitution  by  rubidium. 

The  values  of  the  topic  axes  shed  some  light  on  the  relations 

of  the  first  three  salts  with  respect  to  miscibility  and  capacity 

of  forming  parallel  growths.      It  must  be  inferred  that  these 

two  properties  depend  on  the  possibility  of  a  fitting  together 

of  the  two  structures — in  no  other  way  does  the  rdle  played  by 

the    molecular   volume    admit    of  interpretation.       The   large 

difference  between  the  molecular  volumes  of  the  potassium  and 

caesium  salts  leads  to  correspondingly  large  differences  in  the 

values  of  the  topic  axes,  which,  it  will  be  remembered,  furnish 

a  measure  of  the  relative  distances  between  contiguous  molecules 

of  the  space  lattices.     Apparently  these  differences  have  over- 

^  See  Tutton,  Crystalline  Structure  and  Chemical  Constitution  (Macmillan, 
1910). 
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stepped  the  limit  of  mutual  accommodation  and  the  two  sub- 
stances will  neither  mix  nor  form  parallel  growths.  The  limit 
is  not  exceeded,  however,  when  either  the  rubidium  or  the 
ammonium  salt  is  compared  with  the  potassium  and  caesium 
salts.  These  considerations  illustrate  the  value  of  the  concep- 
tion of  topic  axes  in  comparisons  of  the  members  of  an 
isomorphous  series. 

Isodimorphism. — When  two  substances  are  isomorphous 
with  one  another  and  one  of  them  is  dimorphous,  crystallising  in 
two  distinct  forms,  it  is  often  found  that  the  second  substance  is 
also  dimorphous,  and  that  each  of  its  two  forms  corresponds  with 
one  of  the  forms  of  the  first  substance,  a  double  isomorphism 
being  thus  exhibited.  Such  substances  are  said  to  be  isodimor- 
phous,  and  cases  oiisotrimorphism  are  also  known.  The  trioxides  of 
arsenic  and  antimony  serve  as  a  striking  example  of  isodimor- 
phism. For  a  long  time  these  compounds  were  known  to  occur 
only  in  forms  which  were  not  isomorphous,  and  this  was 
the  more  remarkable  as  their  elementary  constituents  exhibit 
such  a  close  analogy.  It  was  afterwards  found  that  arsenious 
oxide,  As^Og,  which  usually  crystallises  in  regular  octahedra 
(arsenolite),  is  occasionally  met  with  in  rhombic  crystals 
(claudetite),  exactly  identical  in  form  with  those  in  which 
antimonious  oxide,  SbPg,  commonly  occurs  in  nature  (valentin- 
ite).  A  mineral  consisting  of  this  latter  oxide,  and  called 
senarmontite,  was  next  discovered.  The  crystals  of  this  are 
octahedral,  so  that  the  isodimorphism  of  these  substances  is 
now  completely  proved,  especially  since  it  has  been  found 
possible  to  produce  the  octahedral  crystals  of  antimonious  oxide 
artificially. 

Morphoiropy.— The  term  "  morphotropy  "  really  connotes  the 
general  study  of  the  variation  of  crystal  form  with  a  specific 
change  of  chemical  composition,  of  which  enantiomorphism  and 
isomorphism  are  but  particular  cases.  By  many  authors,  how- 
ever, it  is  used  in  connection  with  resemblances  between 
compounds  not  usually  regarded  as  isomorphous,  either 
because  the  substances  are  not  of  "  analogous  "  c(jmposition, 
or  because  the  degree  of  resemblance  is  fairly  remote.  No 
hard  and  fast  line  can  be  drawn  between  isomorphous  and 
morphotropic  similarity. 

A  good  example  of  a  morphotropic  series  has  been  investi- 
gated bySlavik,!  y^z.,  ammonium  iodide  and  tetramethyl  (-ethyl 
1  Slavik,  Zeit.  Kryet.-Min.,  1902,  36,  268. 
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and  -propyl)  ammonium  iodides.  The  first  mentioned  is  cubic  with 
a  perfect  cubic  cleavage,  the  second  tetragonal,  also  with  three 
cleavage  directions  mutually  perpendicular,  the  third  tetragonal, 
but  with  a  different  cleavage,  and  the  fourth  rhombic.  A 
comparison  of  the  topic  axes  will  show  the  change  in  the 
molecular  spacing  along  the  directions  of  the  three .  crystallo- 
graphic  axes  induced  by  the  introduction  of  the  alkyl  groups. 


Crystallographic  axes,  a  :b  :c. 

Mol.  vol. 

Topic  axes. 

X 

♦ 

0} 

NH4I   .    .        .    .                   1:1:1 
NCCH^jJ        .                       1:1:0-7223 
N(C2H5)J  .                        1:1:0-5544 
N(C3H,)4l      .    .       0-7761  :1  : 0-6283 

57-5 
108-7 
162-9 
235-9 

3-860 
5-319 
6-648 
6-093 

3-860 
5-319 
6-648 

7-851 

3-860 
3-842 
3-686 
4-9.33 

MECHANICAL    THEORIES    OF  CRYSTAL 
STRUCTURES. 


121  Frequent  attempts  have  been  made  in  the  past  to 
explain  the  form  and  general  physical  properties  of  a  crystal  by  a 
mechanical  arrangement  of  the  various  atoms  and  molecules,  but 
they  have  not  met  with  any  general  success.  Quite  recently, 
however,  the  theories  of  Barlow  and  Pope,  and  of  SoUas,  have 
very  deservedly  attracted  considerable  attention  on  account  of 
the  great  measure  of  success  attained,  although  the  initial 
assumptions  are  few  in  number,  and  of  a  simple  and  reasonable 
character. 

Valency  Volume  Theory  of  Barlow  and  Pope} — The  funda- 
mental assumption  of  these  authors  is  that  the  volumes  of  space 
occupied  by  the  various  atoms  in  a  given  molecule  are 
approximately  proportional  to  the  valencies  of  the  atoms. 
Whenever  an  element  exhibits  more  than  one  kind  of  valency, 
one  of  these,  generally  the  lowest,  is  selected ;  e.g.,  the  volume 
of  an  atom  of  nitrogen  is  always  taken  to  be  three  times, 
and  that  of  sulphur  twice,  the  volume  of  an  atom  of  hydrogen. 

In  working  out  the  structural  details  it  is  found  simplest  to 
consider  the  atoms,  supposed  incompressible,  though  capable  of 
elastic  deformation,  as  initially  spherical.  When  the  spheres 
1  W.  J.  Pope,  Chemical  Society's  Report  on  Crystallography/,  1908. 
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have  been  packed  together  subsequent  compression  of  the 
assemblage  may  be  supposed  to  squeeze  out  the  interstitial 
space,  whereby  the  spheres  are  transformed  into  plane  poly- 
hedral bodies,  as  a  result  of  the  flattening  that  will  occur  at 
every  point  of  contact.  If  the  original  assemblage  of  spheres  is 
packed  as  closelj'  as  possible,  the  subsequent  deformation  need 
not  appreciably  alter  the  relative  distances  between  the  centres 
of  the  polyhedral  atoms  as  compared  with  the  relative  distances 
between  the  centres  of  the  spheres  from  which  they  were  derived. 
The  argument  is,  of  course,  not  altered  if  the  deformed  sphere 
represent  the  domain  of  paramount  influence  of  a  much  smaller 
atom  placed  at  its  centre,  instead  of  being  completely  filled  with 
matter. 

The  problem  now  resolves  itself  into  finding  a  homogeneous, 
close-packed  arrangement  of  spheres  of  the  appropriate  volumes 
which  shall  satisfy  the  following  conditions  : — The  whole  assem- 
blage, supposed  indefinitely  extended,  must  be  partitionable  into 
groups  representing  molecules ;  or,  conversely,  by  taking  clusters 
of  spheres  representing  molecules  it  must  be  possible  to  pack 
the  clusters  closely  so  as  to  give  a  homogeneous  assemblage. 
Moreover,  the  arrangement  of  three  clusters  about  a  fourth 
must  be  such  that  the  central  distances  of  any  selected 
atom  in  the  latter  from  the  corresponding  atoms  in  the 
former  three  clusters  are  compatible  with  the  parameters 
of  the  crystal.  Finally,  the  symmetry  of  the  assemblage 
of  spheres  must  be  in  accordance  with  the  observed 
symmetry  of  the  crystal.  When  all  these  conditions  are 
satisfied,  the  assemblage  may  be  looked  upon  as  completely 
expressing  the  internal  structure  of  the  crystalline  substance  in 
question. 

Examples  of  the  Application  of  the  Theory}— The  crystal 
structure  of  the  elements  must  be  based  on  close  packed 
assemblages  of  equal  spheres,  since  all  the  atoms  of  a  given 
element  are  of  the  same  dimensions.  According  to  the  theory 
the  same  will  be  true  of  binary  compounds,  although  half  the 
number  of  spheres  refer  to  one  element  and  half  to  the  other, 
because  in  such  compounds  the  valencies  are  equal.  Now  it 
has  long  been  known  that  equal  spheres  lend  themselves  to 
packing  of  a  very  close  kind.  The  spheres  may  be  packed 
together  closely  in  a  layer  (c£  the  octahedron  facet  of  Fig.  80), 
so'that  each  sphere  is  in  contact  with  six  neighbours.  Further, 
1  Jonriu  Chem.  Soc,  1907,  91,  HSO. 
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^a  second  such  layer  can  be  superimposed  so  that  its  spheres  rest  in 
the  cavities  of  the  lower  layer.  Barlow  has  shown  that  there  are 
two  ways  of  placing  a  third  layer  upon  these  :  either  each  sphere 
may  be  placed  in  a  cavity  so  as  to  lie  directly  over  a  sphere  in 
the  first  layer,  or  in  such  a  cavity  that  this  is  not  so.  In  the 
latter  case  an  assemblage  having  cubic  symmetry  is  obtained 
(Figs.  79  and  80),  whilst  in  the  former  case  the  symmetry  is 
that  of  the  hexagonal  system. 

As  a  matter  of  fact,  nearly  all  the  elements  and  binary 
compounds  crystallise  in  either  the  cubic  or  the  hexagonal 
system.  Out  of  the  forty  known  crystalline  forms  of 
elements,  twenty  are  cubic  and  fourteen  hexagonal,  and  the 
numerical  proportions  are  still  higher  in  the  halide  salts  of  the 
alkalis,  and  the  oxides  and  sulphides  of  the  divalent  metals. 
Moreover,  in   the    hexagonal    forms   the   parametral  ratio  a :  c 


<^> 


Fig  80. 

corresponds  in  all  cases  very  closely  with  the  relative  distances 
between  corresponding  sphere  centres  in  the  assemblage. 

The  greater  portion  of  Barlow  and  Pope's  work^  refers  to 
organic  substances,  the  structures  of  which  are  more  compli- 
cated than  the  simple  assemblages  just  described.  A  great 
number  of  these  substances,  especially  the  hydrocarbons,  are 
liquids  at  the  ordinary  temperature,  but  in  the  cases  where  the 
theoretical  results  can  be  tested,  the  arrangements  deduced 
harmonise  very  closely  with  the  crystal  measurements.  A 
notable  feature  of  the  work  is  the  facile  way  in  which  the 
isomorphism  of  sodium  nitrate  and  calcite,  as  well  as  the 
dimorphism  of  the  latter  substance,  is  interpreted.^ 

The  Theory  of  Sollas.^—Hhh  theory  differs  radically  from  the 

1  Jourv.  Chein.  Soc,  1906,  89,  1675  ;  1910,  97,  2308. 
=  Ibid.,  1908,  93,  1528. 

3  Proc.  Roy.  Soc,  1898,  63,  270,  286,  296;  1900,  67,  493;  1902,  69,  294; 
1908,  80,  267. 
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preceding  in  the  volume  relationships  of  the  various  atoms,  the 
volumes  of  the  spherical  units  being  determined  from  the 
atomic  volumes  of  each  element  in  the  substance  concerned. 
Sodium  chloride  presents  a  simple  example  of  the  method  of 
attack  used  by  Scllas.  The  atomic  volumes  of  sodium  and 
chlorine  are  supposed  to  be  unequal,  and  the  spheres  representing 
these  elements  must  be  of  different  sizes.  It  is  assumed  that 
the  unit  of  structure  consists  of  four  molecules  packed  together 
in  such  a  way  that  every  sodium  atom  comes  above  or  below  a 
chlorine   atom    (Fig.  81),  whereby  the  inequality  of   the  two 


Fig,  81. 
atomic  volumes  is  compensated,  the  whole  group  attaining  a 
cubic  shape.  By  means  of  an  ingenious  train  of  reasoning  from 
the  known  values  of  the  atomic  volume  of  sodium  and  of  the 
molecular  volume  of  the  chloride,  the  conclusion  is  reached 
that  the  ratio  of  the  diameters  of  the  sodium  and  chlorine 
atoms  is  2-272: 2-490.  The  tetramolecular  groups  obviously 
correspond  to  Hauy's  cleavage  unit  (p.  205),  and  they  can  be 
packed  together  indefinitely.  The  same  structure  holds  for 
all  the  other  halide  salts  of  the  alkalis,  and  by  drawing  them 
into  the  inquiry,  the  different  values  for  the  atomic  volumes  of 
halogen  and  alkali  provide  mutual  confirmation. 

In  his  latest  memoir  Sollas  gives  a  complete  study  of  anatase, 
rutile,  and  brookite— the  three  polymorphous  forms  of  titanium 
dioxide,  TiOg.  The  ratio  of  the  atomic  volumes  of  titanium 
and  oxygen  is  deduced  to  be  13-4 : 5-5,  and  the  assemblages 
given  are  conspicuously  in  harmony  with  the  facts. 

There  is  an  obvious  difference  ^  between  the  volume  units  of 
the  atoms  as  employed  by  Sollas,  and  by  Barlow  and  Pope,  for 
in  the  former  case  the  volumes  of  the  atoms  of  two  elements  m 
the  same  compound  are  not  simple  multiples  of  each  other, 
whilst  in  the  latter  case  they  are  at  any  rate  approximately  so. 

'  For  a  comparison  of  the  two  theories,  see  Barker,  Joum.  Chan.  Soc,  1912, 
101,  2492. 
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SYSTEMATIC    DESCEIPTION   OF   THE   METALS 
AND  THEIE  DERIVATIVES. 

122  In  the  following  systematic  description  of  the  metals,  the 
latter  are  classified  in  groups  according  to  the  periodic  system, 
each  of  these  groups  being  further  divided  into  two  or  more 
sub-groups.  The  members  of  each  sub-group  are  described  in 
the  order  of  their  atomic  weight. 

GROUP    I. 

Sub-group  (a). — The  Alkali  Metals. 

Lithium 

Sodium 

Potassium 

Rubidium 

Caesium 

Sub-grou^o  (h). — The  Copper  Group. 

Copper 

Silver 

Gold 

The  metals  of  this  group  all  form  characteristic  series  of  salts 
in  which  the  metal  is  apparently  monovalent,  and  except  in  the 
cases  of  copper  and  gold  this  series  of  salts  is  by  far  the  most 
important.  The  division  into  sub-groups  is  more  sharply  defined 
than  is  usually  the  case,  the  metals  copper,  silver,  and  gold, 
which,  as  already  pointed  out,  fall  near  the  centre  of  the  "  double 
periods"  (p.  52),  showing  only  a  limited  resemblance  to  the 
alkali  metals.     The  resemblance  is  most  prominent  in  the  case 
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of  the  two  typical  elements,  lithium  and  sodium,  the  salts  of 
which  are  frequently  isomorphous  with  the  corresponding  silver 
salts.  In  the  exact  classification  according  to  the  periodic 
system,  sodium  belongs  to  the  sub-group  (b),  for  like  copper, 
silver  and  gold  it  is  a  member  of  one  of  the  "  odd  "  periods ; 
in  its  properties,  however,  it  so  closely  resembles  the  metals  of 
the  sub-group  («)  that  it  is  always  described  together  with 
these. 


THE    ALKALI    METALS. 

123  The  above  name  is  given  to  this  group  because  the  two 
most  important  members,  sodium  and  potassium,  are  constituents 
of  the  substances  which  have  been  long  known  by  the  name  of 
alkalis.  The  name  alkali  is  first  found  in  the  works  of  the 
Latin  Geber,  and  is  the  name  there  given  to  the  soluble  salt 
obtained  by  the  lixiviation  of  the  ashes  of  sea-plants.  We 
find  the  same  word  employed  to  designate  also  the  carbonate 
of  potash  obtained  by  a  similar  treatment  of  the  ashes  of 
land-plants.  The  difference  between  the  alkalis  potash  and 
soda  was  at  that  time  not  understood,  and  in  order  to  distin- 
guish them  from  the  carbonate  of  ammonia,  the  volatile  alkali, 
they  were  both  termed  the  fixed  alkali.  The  distinction  be- 
tween the  mild  and  caustic  alkalis  had  long  been  known,  and 
the  mode  of  converting  the  former  into  the  latter  by  boiling 
their  solutions  with  lime  was  a  well-recognised  process.  In  the 
Historical  Introduction  (see  Vol.  I.,  p.  16)  we  have  seen  that 
Black,  in  the  year  1755,  was  the  first  to  explain  this  change, 
as  he  proved  that  the  mild  alkalis  contain  fixed  air  or  carbon 
dioxide. 

The  first  clear  distinction  between  the  two  alkalis,  potash 
and  soda,  appears  to  have  been  made  by  Duhamel  in  the  year 
1736,  although  Stahl  pointed  out  that  the  alkali  contained  in 
common  salt  is  different  from  that  contained  in  wood-ashes, 
and  this  difference  was  indicated  by  the  first  being  termed  the 
mineral  and  the  second  the  vegetable  alkali.  Marggraf  showed 
in  1759  that  the  salts  of  the  two  alkalis  possess  totally  distinct 
properties,  and  that  whilst  those  of  the  common  alkali  tinge  the 
flame  of  a  spirit-lamp  violet,  those  containing  the  base  of  com- 
mon salt  impart  a  yellow  colour  to  the  flame.  It  was,  however, 
soon  afterwards  pointed  out  by  Klaproth  that  the  vegetable 
alkali  potash  was  contained  in  several  minerals,  such  as  leucite, 

VOL.  II.  Q 
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and  then  the  special  name  potash  in  English,  potasse  in  French, 
and  kali  in  German,  was  given  to  this  particular  alkali.  Klap- 
■roth  suggested  for  the  mineral  alkali  the  name  natron,  the 
English  equivalent  of  which  is  soda,  and  the  French  soude.  All 
these  names  had  formerly  been  used  indiscriminately  for  any 
alkali. 

Up  to  the  year  1807  the  alkalis  were  considered  to  be  simple 
substances.  Lavoisier  had  indeed  expressed  a  view  that  these 
bodies  probably  contained  oxygen,  owing  to  their  analogy  with 
other  well-known  metallic  oxides,  but  Davy  was  the  first  to 
isolate  the  metals. 

A  few  years  later  (1817),  the  lithium  compounds  were  dis- 
covered by  Arfvedson,  and  in  1860  the  two  remaining  metals, 
rubidium  and  caesium,  were  isolated  by  Bunsen  and  Kirchhoff. 

The  alkali  metals  are  all  soft  silvery  metals,  which  may  be 
readily  fused  and  volatilised,  the  melting  and  boiling  points 
becoming  lower  with  increasing  atomic  weight.  The  specific 
gravity  increases  with  the  atomic  weight,  but  less  rapidly  than 
the  latter,  the  atomic  volume  therefore  becoming  greater  as  we 
ascend  the  series.  They  are  the  most  strongly  electro-positive 
of  the  metals,  their  hydroxides  being  the  most  powerful  bases 
known,  and  within  the  group  itself  the  basicity  increases  with 
the  atomic  weight,  that  of  cassium  hydroxide  being  the 
greatest. 

The  alkali  metals  form  only  one  series  of  stable  salts,  and  in 
these  they  are  monovalent ;  a  few  halogen  derivatives  are  known 
in  which  they  have  a  valency  of  3,  5,  7,  or  even  9,  but  these 
readily  decompose  into  the  free  halogens  and  the  monovalent 
halide  compound  of  the  metal.  With  very  few  exceptions  the 
whole  of  the  salts  are  soluble  in  water,  those  of  lithium  being 
the  least  soluble. 

They  combine  with  oxygen  to  form  oxides  of  the  general 
formula  MgO,  which  correspond  to  the  stable  salts ;  these  are, 
however,  as  a  rule  difficult  to  prepare  in  the  free  state,  since 
they  combine  very  readily  with  oxygen  forming  higher  oxides, 
and  with  water  forming  the  characteristic  hydroxides  MOH, 
which  are  produced  also  by  the  direct  action  of  the  metals  on 
water. 

These  metals  all  unite  directly  with  hydrogen,  forming 
crystalline  hydrides,  (MH)„,  which  are  decomposed  by  water. 
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LITHIUM,    Li  =  6-94. 

124  Lithium  was  discovered  in  1817  by  Aug.  Arfvedson 
whilst  he  was  working  in  the  laboratory  of  Berzelius.^  He 
obtained  a  new  alkali,  and  Berzelius  gave  to  it  the  name  lithia. 
It  was  first  found  in  several  minerals  from  the  iron  mines  of 
Uto  in  Sweden,  especially  petalite  and  spodumene. 

Lithium  is  derived  from  Xt^eo?,  stony,  as  it  was  then  believed 
to  be  an  alkali  whose  presence  was  confined  to  mineral  matter 
in  contradistinction  to  the  other  alkalis  which  were  found  in 
vegetable  and  animal  bodies.  Since  that  time,  however,  lithium 
has  been  shown  to  be  very  generally  distributed  throughout  the 
animal  and  vegetable  kingdoms,  this  fact  having  been  first 
ascertained  by  Bunsen  and  Kirchhoff  in  their  earliest  research 
on  spectrum  analysis  in  1860  (p.  160).'^ 

Sources  of  Lithmm. — The  most  important  minerals  containing 
this  element  are  triphylite,  (LiNa)gP0^+(FeMn)g(P0j)2,  or 
(LiNa)(FeMn)PO^,  containing  from  1'6  to  3-7  per  cent,  of 
lithium ;  petalite,  LiAl(Si205)2,  containing  2-7  to  3-7  per  cent, 
of  lithium ;  lejpidolite  or  lithia-mica,  IS  to  5-7  per  cent. ; 
spodumetie  or  triphane,  LiAl(Si03)2,  3-8  to  5-6  per  cent.  Smaller 
quantities  of  lithium,  whose  presence  can  be  ascertained  by  the 
spectroscope,  are  found  in  a  large  number  of  minerals.  The 
water  of  certain  mineral  springs  also  contains  large  quantities 
of  dissolved  lithium  salts.  Thus  Berzelius,^  so  long  ago  as  1822, 
detected  this  element  in  the  water  of  Egger-Franzensbad,  and 
in  1825  in  the  springs  at  Karlsbad  and  Marienbad.  The 
spectroscope  has  since  shown  that  lithium  occurs  in  most 
mineral  waters,  in  sea-water,  and  in  that  of  almost  every  river  * 
and  surface  spring.  Some  mineral  springs  contain  lithium  in 
considerable  quantity.  Thus  Bunsen  found  295-2  mgrm.  of 
lithium  chloride  in  one  litre  of  the  water  of  the  Murspring  at 
Baden-Baden,*  and  W.  A.  Miller »  found  372  mgrm.  in  one  litre 
of  water  from  a  spring  in  the  Wheal  Clifford  mine  at  Redruth 
in  Cornwall. 

By  the  decomposition  of  rocks  containing  lithium  this  metal 
finds  its  way  into  the  soil.  It  has  been  detected  in  that  of  the 
Limagne  d'Auvergne,  and  can  be  traced  in  the  ashes  of  the 

1  Schweigger's  Jmirnal,  1817,  22,  93 ;  Ann.  Chim.  Phys.,  1819,  10,  82. 

2  Phil.  Mag.,  1860  (4),  20,  97.  '  Pogg.  Arm.,  1825,  4,  245. 

4  On  Thames  Water.     A.  and  F.  Dupr6.     Phil.  Mag.,  1860  (4),  20,  373. 
=  Jahresb.,  1861,  1091.  "  Chem.  Xeiv.,,  1864,  10,  181. 

Q  2 


228  LITHIUM 


plants  which  grow  in  that  district  (Truchot).i  It  is  widely 
distributed  throughout  the  vegetable  kingdom,  occurring  in  the 
ash  of  the  vine,  in  that  of  many  cereals,  in  sea-weed  and  in 
tobacco  (Bunsen  and  Kirchhoff).  It  has  been  found  especially 
in  the  leaves  of  many  plants,  in  cacao,  coffee,  and  sugar-cane 
as  well  as  in  the  residues  from  the  extraction  of  beet-sugar.^ 
It  appears  that  lithium  salts  cannot  replace  potassium  salts  in 
plants ;  indeed,  when  added  in  quantit}"-  they  generally  seem  to 
act  as  a  poison.  In  certain  plants,  however,  such  as  for  instance 
the  Sam.olus  Valerandi,  lithium  appears  to  act  beneficially, 
inasmuch  as  the  stronger  plants  contain  most  lithium. 

From  the  vegetable  world  lithium  finds  its  way  into  the 
animal  kingdom ;  thus  Bunsen  and  Kirchhoff  observed  its 
presence  in  the  ashes  of  milk  and  in  human  blood  and  muscular 
tissue.^  Nor  is  lithium  a  metal  which  is  confined  to  terrestrial 
matter,  for  Bunsen  *  detected  it  in  two  meteoric  masses,  one 
of  which  fell  at  Juvenas  in  France  on  May  15th,  1821,  and  the 
other  at  Parnallee  in  Southern  India  on  February  28th,  1857, 
and  Engelbach  ^  found  lithium  in  a  meteorite  from  the  Cape. 
The  presence  of  lithium  in  the  atmosphere  of  the  sun  is  at 
present  doubtful. 

125  Extraction  of  Lithmm  Salts. — 1.  From  petalite  and  lepi- 
dolite.  The  first  method  of  extraction,  proposed  by  Berzelius,^ 
consists  in  fusing  the  powdered  mineral  with  double  its  weight 
of  lime.  On  dissolving  the  fused  mass  in  hydrochloric  acid,  and 
evaporating  with  sulphuric  acid,  the  lithium  is  obtained  in  solu- 
tion as  sulphate,  together  with  some  aluminium  sulphate  and 
gypsum.  The  first  salt  is  precipitated  by  addition  of  chalk,  and 
the  second  by  ammonium  oxalate.  This  method  was  improved 
by  Regnault  and  again  much  simplified  by  Troost.'^  This  latter 
chemist  fuses  the  following  mixture  at  a  very  high  temperature 
in  a  wind  furnace :  finely  powdered  lepidolite,  10  parts  ;  barium 
carbonate,  10  parts ;  barium  sulphate,  5  parts ;  potassium  sul- 
phate, 3  parts.  The  heavy  silicate  and  sulphate  of  barium  sink 
to  the  bottom,  and  a  layer  of  the  sulphates  of  potassium  and 
lithium  is  found  at  the  top  of  the  fused  mass.  These  can  be 
extracted  by  simple  lixiviation.      The  sulphates  are  then  con- 

1  Ber.,  1874,  7,  653;  Gompt.  rend.,  1874,  78,  1022. 

"  Lippmann,  Ber.,  1897,  30,3037.    See  also  Tschermak,  Journ.  Chem.  80c., 
1900,  Abstr.,  ii.  235. 
'^  See  also  Hermann,  Pfluger's  Archiv,  1905,  109,  26. 
■•  Amialen,  1861,  120,  25.3.  »  Pogg.  Ann.,  1862,  116,  512. 

0  Traits,  2,  89.  '  Compt.  rend.,  1856,  43,  921. 
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verted  into  chlorides  by  the  addition  of  barium  chloride,  the 
chlorides  evaporated  to  drj'ness,  and  the  lithium  chloride 
extracted  by  treatment  with  a  mixture  of  absolute  alcohol  and 
ether,  or  preferably,  with  pyridine. 

An  alternative  method  for  the  preparation  of  lithia  from 
lepidolite,  described  by  Schieffelin  and  Cappon,^  is  to  decompose 
the  finely  powdered  mineral  with  concentrated  sulphuric  acid 
by  careful  ignition  at  a  temperature  which  is  gradually  raised 
from  120°  to  340.°  The  mass  is  digested  with  water,  the 
silica  removed  by  filtration,  and  the  aluminium  sulphate  con- 
verted into  potash  alum  by  the  addition  of  potassium  sulphate. 
A  portion  of  the  alum  separates  as  crystals  on  standing,  and  the 
remainder  is  removed  by  the  successive  addition  of  calcium 
carbonate  and  freshly  precipitated  aluminium  hydroxide ;  the 
last  traces  of  aluminium  are  separated  by  the  addition  of 
calcium  carbonate,  the  solution  being  made  alkaline  by  means 
of  slaked  lime.  The  filtrate  is  then  concentrated,  the  calcium 
salts  precipitated  as  calcium  oxalate,  and  traces  of  iron  and 
manganese  by  potassium  hypochlorite.  The  solution  of  lithium 
sulphate  thus  obtained  is  separated,  and  then  converted  into 
the  carbonate  by  ti'eatment  with  a  slight  excess  of  potassium 
carbonate  solution. 

2.  For  the  purpose  of  extracting  lithium  salts  from  triphylite, 
a  process  proposed  by  Hugo  Miiller  ^  is  the  best.  This  consists 
in  dissolving  the  mineral  in  hydrochloric  acid,  oxidising  with 
nitric  acid,  precipitating  the  phosphoric  acid  with  a  ferric  salt, 
evaporating  to  dryness,  and  extracting  with  hot  water.  Chlorides 
of  manganese  and  lithium  are  thus  dissolved.  The  manganese 
is  precipitated  by  sulphide  of  barium,  and  the  excess  of  barium 
removed  by  sulphuric  acid.  The  oxalate  of  lithium  is  obtained 
by  evaporating  with  oxalic  acid,  and  this  on  ignition  is  converted 
into  the  carbonate. 

126  Preparation  of  Zithium. — The  attempts  made  by  Arfved- 
son  and  Gmelin  to  prepare  metallic  lithium  were  fruitless.  They 
endeavoured  to  separate  the  metal  by  the  electrolysis  of  its  salts, 
but  the  battery  they  used  was  not  powerful  enough.  Later  on, 
the  decomposition  of  lithia  was  tried  by  heating  it  with  iron  and 
carbon ;  these  experiments  also  proved  abortive.  Then  Davy 
succeeded  in  obtaining  a  small  quantity  of  the  metal  by  elec- 
trolysis, but  was  unable  to  examine  its  properties.  In  1858 
Bunsen   and   Matthiessen   were    the   first   to   obtain    lithium 

1  J.  Soc.  Chem.  Ind.,  1908,  27,  549,  '  Annalen,  1853,  85,  251. 
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in  quantity  by  electrolysis  and  to  examine  its  properties  care- 
fully. The  following  is  Bunsen's  description  of  the  process  :  ^ 
"  Pure  chloride  of  lithium  is  fused  over  a  Berzelius'  spirit- 
lamp  (or  Bunsen's  gas  lamp),  in  a  small  thick  porcelain 
crucible  and  is  decomposed  by  a  zinc-carbon  battery  consisting 
of  four  to  six  cells.  The  positive  pole  is  a  small  splinter  of 
gas-coke,  and  the  negative  an  iron  wire  about  the  thinness 
of  a  knitting-needle.  After  a  few  seconds,  a  small  silver- 
white  regulus  is  formed  under  the  fused  chloride  round  the 
iron  wire  and  adhering  to  it,  which  after  two  or  three  minutes 
attains  the  size  of  a  small  pea :  to  obtain  the  metal  the  wire 
pole  and  the  regulus  are  lifted  out  of  the  fused  mass  by  a 
small  flat  spoon-shaped  iron  spatula.  The  wire  can  then  be 
withdrawn  from  the  still  melted  metal,  which  is  protected 
from  ignition  by  the  chloride  of  lithium,  with  which  it  is 
coated.  The  metal  may  now  be  easily  taken  off  the  spatula 
with  a  pen-knife,  after  having  been  cooled  under  rock  oil. 
As  this  operation  can  be  repeated  every  three  minutes,  an 
ounce  of  chloride  of  lithium  may  be  reduced  in  a  very  short 
time.'' 

For  the  preparation  of  the  metal  on  a  somewhat  larger  scale 
it  has  been  found  advisable  to  employ  a  mixture  of  the 
chlorides  of  potassium  and  lithium  in  equal  weights,^  or  prefer- 
ably lithium  bromide,  to  which  10 — 15  per  cent,  of  the  chloride 
has  been  added.^  The  metal  can  be  obtained  also  by  the 
electrolysis  of  solutions  of  the  chloride  in  pyridine,*  and  in 
various  alcohols.'' 

Lithium  cannot  be  obtained  in  a  similar  manner  to  that  by 
which  sodium  and  potassium  are  prepared,  viz.,  by  heating 
the  carbonate  with  charcoal,  or  the  hydroxide  with  iron  (Troost), 
but  it  distils  over  when  pieces  of  magnesium  are  added  to 
lithium  hydroxide  heated  in  an  iron  retort.^ 

Properties. — Lithium  is  a  solid,  possessing  a  silver-like  lustre, 
but  tarnishing  on  exposure  to  the  air.  It  is  much  less  oxidisable 
than  potassium  or  sodium.  It  is  not  so  soft  as  these  metals,  but 
is  softer  than  lead,  and  makes  a  grey  streak  on  paper.  Lithium 
can  be  pressed  into  wire,  and  can  be  welded  at  ordinary  tem- 

1  Jonrn.  Chem.  Soc,  1856,  14.3. 

^  tiuntz,  L'Electrochimie,  1890,  October. 

■'  RuffandJohannsen,  Zeit.  Elektrocliem. ,  1906,  12,  186. 

^  Kahlenberg,  /.  Physical  Chem.,  1899,  3,  602. 

=  Patten  and  Mott,  /.  Physical  Chem.,  1904,  8,  153. 

^  Warren,  Chem.  News,  1896,  74,  6, 
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peratures.  It  melts  at  180°  (Bunsen,  Ruff,  and  Johahnsen  i), 
179°  (Masing  and  Tammann^),  and  if  the  meited  metal  be 
pressed  between  two  sheets  of  glass,  a  surface  is  obtained  which 
exhibits  the  colour  and  brilliancy  of  polished  silver.  Lithium 
floats  on  petroleum,  and  is  the  lightest  of  all  known  bodies 
which  are  solid  at  the  ordinary  temperature,  its  specific  gravity 
varying  from  05891  to  0-5983  (Bunsen). 

Heated  in  the  air  lithium  ignites  at  a  temperature  above  its 
fusing  point,  burning  tranquilly  with  a  bright  white  light.  It 
burns  also  when  heated  in  hydrogen,  chlorine,  bromine,  iodine, 
dry  carbon  dioxide,  or  sulphur  vapour;  it  combines  readily 
with  nitrogen  on  heating,  and  slowly  absorbs  the  gas  even  at 
the  ordinary  temperature,  forming  the  nitride.  When  thrown 
on  to  water  it  oxidises,  but  does  not  fuse  like  sodium.  Nitric 
acid  acts  on  lithium  so  violently,  that  it  fuses  and  often 
ignites.  Sulphuric  acid  attacks  it  slowly,  but  dilute  sul- 
phuric and  hydrochloric  acids  quickly.  Silica,  glass,  and 
porcelain  are  attacked  by  lithium  at  a  temperature  below  200° 
(Bunsen  and  Matthiessen).  Lithium  is  more  electro-negative 
than  sodium. 
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127  Lithium  Oxide,  Li^O,  and  Lithium  Hydroxide,  LiOH, — 
Dry  oxygen  does  not  act  upon  lithium  at  the  ordinary  tempera- 
ture. Indeed  the  metal  may  be  melted  in  dry  air  without 
losing  its  brilliancy.  Heated  much  above  180°,  lithium  takes 
fire  and  burns  brilliantly  in  the  air  with  the  formation  of 
lithium  oxide,  or  lithia,  which  is  coloured  yellow  by  a  small 
quantity  of  a  higher  oxide  and  volatilises  slowly  at  600°.^  It  may 
be  prepared  in  a  purer  state  by  heating  nitrate  of  lithium 
in  a  silver  basin,  and  also  by  heating  the  hydroxide  or  carbonate 
in  a  current  of  dry  hydrogen  at  780°.  It  forms  a  white 
crystalline  mass  which  dissolves  slowly  in  water  with  the 
formation  of  a  hydrated  form  of  the  hydroxide,  LiOH.  The 
anhydrous  hydroxide  can  only  be  prepared  from  the  hydrate, 
LiOH.HjO,  by  heating  the  latter  in  a  current  of  hydrogen 
below  140'.     It  forms  a  white,  porous  mass.      The  hydrate  is 

1  Zeit.  Elehtrochem.,  1908,  12,  186;  Bernini,  Physikal.  Zeit.,  190.5,  6,  74. 

2  Zeit.  anorg.  Chem.,  1910,  67,  18,3. 

3  Lebeau,  Compt.  rend.,  1903,  136,  1266. 
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prepared  by  adding  the  calculated  quantity  of  barium 
hydroxide  to  lithium  sulphate  and  concentrating  the  resulting 
solution  after  filtering  off  the  barium  sulphate ;  crystals  are 
thus  obtained  which  are  freed  from  water  by  heating  to  33°  in 
a  current  of  pure  hydrogen.^  A  second  crystalline  hydrate, 
2LiOH,H20,  has  also  been  obtained.^ 

Lithium  Peroxide,  LigOg.— When  hydrogen  peroxide  and 
alcohol  are  added  to  a  solution  of  the  hydroxide,  the  compound 
Li20.„H20.2,3H20  is  precipitated  in  hard,  colourless  crystals, 
which  yield  the  anhydrous  peroxide,  LijOg,  when  they  are  kept 
over  phosphoric  oxide.^ 

Lithium  Hydride,  LiH. — Lithium  combines  with  hydrogen 
slowly  at  a  dull  red  heat,  and  rapidly  at  a  bright  red  heat 
with  incandescence,  forming  the  white  solid  hydride,  which 
melts  at  680°.  It  decomposes  partially  when  slowly  heated, 
and  at  600°  has  a  dissociation  pressure  of  27  mm.  At  a  red 
heat  the  hydride  burns  in  chlorine,  yielding  hydrogen  chloride 
and  lithium  chloride,  whilst  with  hydrogen  chloride  it  forms  the 
chloride  and  hydrogen  (Guntz).  It  is  only  slowly  altered  in 
the  air,  and  is  decomposed  by  water  with  evolution  of  hydrogen 
and  formation  of  the  hydroxide.* 

128  Salts  of  Lithium . — Many  of  the  salts  of  lithium  are  iso- 
morphous  with  those  of  sodium  and  silver,  whilst  in  the  alums 
this  element  can  replace  potassium  and  the  other  alkali  metals. 
Lithium  differs  in  a  marked  manner  from  sodium,  potassium, 
&c.,  by  forming  a  sparingly  soluble  carbonate  and  phosphate. 

Lithium  Chloride,  LiCl. — This  salt  is  formed  when  lithium 
burns  in  chlorine,  or  when  lithia  or  the  carbonate  is  dissolved  in 
hydrochloric  acid.  Its  preparation  from  spodumene  and  petalite 
has  already  been  described.  By  evaporating  the  aqueous 
solution  above  15'5°,  or  the  alcoholic  solution  over  sulphuric 
acid,  the  chloride  is  obtained  in  octahedra.  The  fused  salt  has 
a  specific  gravity  of  2-068  at  25°,  and  melts  at  606°  (Ruff  and 
Johannsen)  '*  to  a  mobile  liquid ;  it  is  one  of  the  most  deli- 
quescent salts  known,  and  is  also  very  soluble  in  many  of  the 
alcohols  and  pyridine.  When  its  aqueous  solution  is  evaporated 
to   dryness,  traces  of  hydrochloric  acid  are  given  off,  a  little 

1  Dittmar,  /.  Soc.  Chem.  Ind.,  1888,  7,  731  ;  de  Forcrand,  Gompt.  rend., 
1907,  144,  1.321  and  1402. 

2  Muretow,  Ber.,  1872,  5,  331  ;  Gottig,  Ber.,  1887,  20,  2912. 
»  de  Forcrand,  Compt.  rend.,  1900,  130,  1465. 

4  (iuntz,  Compt.  rend.,  1896,  122,  244  ;  123,  694. 
^  Zeit.  EleUrochem.,  1906,  12,  186. 
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lithia   being  formed,  and  on   redissolving,  the   liquid   has   an 
alkaline  reaction.     Three  hydrated  chlorides  are   known,  viz., 
LiCl.H^O,  LiCl,2H20,  and  2'LiCl,3H,p. 
One  hundred  parts  of  water  dissolve : 

At  0°  20°  65°  80°  140°        160° 

LiCl     63-7       80'7       104-2       115       139       145  parts 

The  saturated  solution  boils  at  171°  (Kremers). 

The  chloride  forms  a  series  of  unstable  additive  compounds 
with  1,  2,  3,  and  4  molecules  of  ammonia.^ 

'  The  product  obtained  by  heating  metallic  lithium  with 
lithium  chloride  in  a  current  of  hydrogen,  which  was  previously 
regarded  as  a  -subchloride,  has  been  shown  by  Guntz  to  be  a 
mixture  of  the  hydride  and  chloride.^ 

Lithmm  iodotetrachloride,  LiICl4,4H20,  is  obtained  by  the 
action  of  chlorine  on  a  solution  of  lithium  chloride  and  iodine 
in  dilute  hydrochloric  acid,  and  crystallises  in  needles.^ 

Lithium  sidphate,  'Li^O^,Hfi,  is  obtained  by  dissolving  the 
carbonate  in  dilute  sulphuric  acid,  and  crystallises  in  thin 
monoclinic  plates  which  dissolve  readily  in  water  and  alcohol. 
The  acid  sulphate,  LiHSO^,  is  also  known.* 

Lithium  Nitride,  LigN. — ^Lithium  absorbs  nitrogen  at  the 
ordinary  temperature.  The  reaction  takes  place  with  incan- 
descence when  the  metal  is  heated  in  a  stream  of  the  gas,*^  with 
formation  of  the  nitride,  LigN,  which  is,  however,  best  prepared 
pure  by  heating  the  metal  very  gently  in  an  iron  dish  in  a  slow 
stream  of  nitrogen.^  It  fuses  at  840—845°,  and  attacks  most 
substances  when  in  the  molten  state.^ 

Lithiumamide,  LiNHj,  is  formed  slowly  by  the  prolonged 
action  of  liquid  ammonia  on  metallic  lithium  at  the  ordinary 
temperature  in  a  sealed  tube.*  It  is  obtained  also  by  heating 
the  nitride  in  either  hydrogen  or  ammonia  at  temperatures 
between  340°  and  480°.9  The  amide  forms  white,  shining 
crystals  which,  melt  at  373—375°  when  heated  in  a  sealed 
tube. 

1  Bonnefoi,  Ann.  Chim.  Phys.,  1901  (7),  23,  317. 

2  Gompt.  rend.,  1895,  121,  945  ;  Ann.  Chim.  Phys.,  1907,  10,  15. 

3  Wells  and  Wheeler,  Zeit.  anorg.  Ghem.,  1891,  2,  255. 
*  Schultz,  Pogg.  Ann.,  1868,  133,  137. 

=  Deslandres,  Gompt.  rend.,' 1895,  121,  886. 

n  Guntz,  Gompt.  rend.,  1896,  123,  995. 

!■  Dafert  and  Miklauz,  Monatsh.,  1910,  31,  981. 

8  Kufif  and  Georges,  Ber.,  1911,  44,  502. 

"  Dafert  and  Miklauz,  Monatsh.,  1912,  33,  63. 
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Lithiumimide,  LijNH,  is  obtained  by  heating  lithiumamide 
from  360°  to  450°  in  a  silver  dish,  as  a  white,  partially  fused 
mass  which  is  decomposed  at  600°.  On  exposure  to  sunlight 
it  is  decomposed  with  the  formation  of  the  nitride  and  amide.^ 

Zithhtm  azoimide,  LiNg,  crystallises  with  IH^O  in  colourless 
hygroscopic  needles  and  explodes  between  115  and  298°.^ 

Lithium  nitrate,  LiNOg,  is  prepared  by  dissolving  the 
carbonate  in  nitric  acid,  and  is  very  soluble  in  water  and 
alcohol.  It  crystallises  in  anhydrous  rhombohedra,  isomorphous 
with  sodium  nitrate  (Troost). 

The  solid  salt  in  equilibrium  with  a  saturated  solution 
contains  SHgO  up  to  a  temperature  of  29'6°  and  a  concentration 
of  57-5  per  cent.,  ^Hp  from  29-6°  to  611°,  and  above  this 
temperature  is  the  anhydrous  salt.^ 

Normal  Lithium  Phosphate,  LijPO^,  is  distinguished  from 
the  phosphates  of  the  other  alkali  metals  by  its  slight  solubility 
in  water,  in  this  respect  resembling  the  phosphates  of  the  next 
group  of  metals.  It  is  precipitated  as  a  crystalline  powder 
by  adding  a  lithium  salt  to  common  sodium  phosphate  together 
with  caustic  soda.*  It  may  be  obtained  also  by  acting  on  lithium 
carbonate  with  phosphoric  acid.  It  dissolves  in  2,539  parts  of 
water,  and  in  3,920  of  water  rendered  alkaline  by  ammonia. 
In  presence  of  ammonium  salts  it  is  much  more  soluble,  and 
is  precipitated  from  the  solution  by  heating  with  caustic  potash. 
It  is  readily  soluble  in  hydrochloric  and  nitric  acids;  baryta 
water  precipitates  the  phosphoric  acid  from  the  solution  as 
barium  phosphate,  the  whole  of  the  lithium  salt  remaining  in 
solution  (W.  Mayer).  When  a  nitric  acid  solution  of  the  normal 
salt  is  evaporated  and  the  excess  of  free  acid  driven  off,  the 
di-hydrogen  salt,  LiHjPO^,  remains  behind.  This  is  readily 
soluble,  and  on  evaporation  over  sulphuric  acid  deposits 
deliquescent  crystals. 

Lithium  carbide,  Li^Cg,  is  formed  when  a  mixture  of  the 
carbonate  with  sugar  charcoal  is  heated  in  the  electric  furnace.^ 
and  when  metallic  lithium  is  heated  with  carbon,  or  in  a  current 
of  carbon  monoxide  or  dioxide."     It  is  a  transparent,  colourless, 

'  Ber.,  1911,  44,  502;  Monatsh.,  1912,  33,  63. 

2  Dennis  and   Benedict,   Zeit.    anorg.    Ohem.,   1898,  17,   18;   Curtius  and 
Rissom,  J.  pr.  Chem.,  1898  (2),  58,  261. 

3  Donnan  and  Burt,  Journ.  Chem.  Soc,  1903,  83,  335. 
*  Compare  Quartaroli,  Gazz.,  1907,  37  (i.),  598. 

^  Moissan,  Compt.  rend.,  1896,  122,  362;  1898,  126,  302. 
'i  Guntz,  Oompt.  rend.,  1896,  123,  1273;  1898,  126,  1866. 
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crystalline  massofsp.gr.  1-65  at  18°,  and  is  a  powerful  reducing 
agent.  It  inflames  in  fluorine  and  chlorine  at  the  ordinary 
temperature,  and  is  readily  attacked  by  bromine,  iodine,  oxygen, 
sulphur,  phosphorus,  and  arsenic.  Water  decomposes  it,  forming 
lithium  hydroxide  and  pure  acetylene.  It  can  be  prepared  also 
by  acting  on  lithium  dissolved  in  liquid  ammonia  with  acetylene 
at  —40°  to  —80°,  and  heating  the  crystalline  compound 
C2Li2,C.2H2,2NH3  which  is  formed.^ 

When  heated  in  nitrogen  at  925°  lithium  carbide  forms 
lithium  cyanamide,  along  with  some  dicyanamide  and  cyanide ; 
the  absorption  of  the  nitrogen  is  more  rapid  than  in  the  case 
of  calcium  carbide.^ 

Normal  Lithium  Carbonate,  Li^COg. — This  salt,  unlike  the 
carbonates  of  the  other  alkali  metals,  is  but  slightly  soluble  in 
water,  thus  more  nearly  resembling  the  carbonates  of  the  next 
group  of  metals.  It  is  precipitated  as  a  crystalline  powder 
when  a  concentrated  solution  of  lithium  chloride  is  poured  into 
a  solution  of  ammonium  carbonate  in  aqueous  ammonia,  the 
mixture  being  heated  so  long  as  the  precipitate  increases  in 
bulk. 

The  carbonate  commences  to  decompose  at  about  600°  into 
carbon  dioxide  and  lithium  oxide,  which  slowly  volatilises;* 
when  heated  in  a  current  of  hydrogen  at  780°  the  whole  of  the 
carbon  dioxide  is  expelled.* 

One  hundred  parts  of  water  dissolve  at : 
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20° 

50° 

75° 

100° 

■539 

1-406 

1-329 

1181 

0-866 

0-728 

parts  of  lithium  carbonate,  whilst  at  102°  the  numbers  0-796 
and  0-995  were  obtained  when  the  solution  had  boiled  for  15 
and  60  minutes  respectively.^  The  solubility  of  the  carbonate 
is  increased  by  various  sodium  and  potassium  salts,  and  still 
more  by  ammonium  salts.^ 

If  the  solution  is  slowly  evaporated  crystalline  crusts  or 
small  transparent  crystals  of  the  salt  separate  out,  and  if  these 
are  suspended  in  water  and  carbon  dioxide  is  passed  in,  lithium 
hydrogen  carbonate,  LiHCOg,  is  formed.     On   evaporation  the 

1  Moissan,  Compi.  rend.,  1898,  127,  911. 

2  Tucker  and  Moody,  J.  Amer.  Chem.  Soc,  1911,  33,  U78. 

3  Lebeau,  Compt.  rend.,  1903,  136,  1256. 

-  Dittmar,  /.  Soc.  Chem.  Ind.,  1888,  7,  731  ;  de  Forcrand,  Oompt.  rend., 
1907, 144,  1402. 
■'  Bewad,  /.  Euss.  Phya.  Chem.  Soc,  1884,  i,  591. 
"  Geffoken,  Zeit.  anorg.  Chem.,  1905,  43,  197, 
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solution  loses  carbon  dioxide,  again  depositing  the  normal  salt. 
Lithium  carbonate  is  employed  in  medicine,  especially  in  gouty 
affections,  since  it  acts,  as  a  solvent  for  uric  acid. 

Lithium  Silicide,  LigSij,  is  prepared  by  heating  lithium  and 
silicon  together  in  a  vacuum,  and  removing  the  excess  of  lithium 
by  liquid  ammonia  or  by  heating  to  500^  in  vacuo.  It  forms 
small  lustrous  crystals  of  a  deep  indigo  blue  colour,  has  the  sp.  gr. 
1'12,  and  decomposes  into  its  elements  above  600°.  This  com- 
pound acts  as  a  vigorous  reducing  agent,  bums  when  heated  in 
the  air  or  oxygen,  and  is  decomposed  when  heated  in  hydrogen 
and  the  halogens.  Concentrated  hydrochloric  acid  decomposes 
it,  forming  silicoethane,  Si^Hg,  and  water  produces  a  violent 
reaction,  the  silicoethane,  which  is  probably  the  first  product, 
being  decomposed  by  the  lithium  hydroxide  also  formed 
(Vol  I,  p.  900).i 

Lithium  orthosilicate,  Li^SiO^,  is  prepared  by  fusing  lithium 
carbonate  with  the  requisite  quantity  of  silica,  and  crystallises 
in  the  same  form  as  olivin,  whilst  the  metasilicate,  Li^SiOg,  has 
the  same  form  as  hypersthene.  Both  salts  are  partly  decomposed 
by  water.  The  orthosilicate  melts  at  1215°  (Rieke  and  Endell^), 
the  metasilicate  at  1180°  (Rieke  and  EndelP)  or  at  1202° 
(Jaeger  ^). 

Detection  and  Estimation  of  Lithium 

129  The  presence  of  extremely  small  traces  of  lithium  com- 
pounds (Tinri'TTu-u-o-  of  a  milligram)  can  be  ascertained  with 
certainty  by  means  of  the  spectroscope.  The  luminous  vapour 
of  lithium,  obtained  by  bringing  a  trace  of  a  salt  on  a  fine 
platinum  wire  into  the  non-luminous  gas  flame,  gives,  when 
examined  by  the  spectroscope,  two  sharply  defined  lines — the 
one  a  very  weak  yellow  line,  Li/3  (wave-length  =  6104),  the 
other  a  bright  red  line,  Lia  (wave-length  =  6708).  Not  only 
do  all  the  lithium  salts  when  thus  heated  give  this  reaction, 
but  ashes  of  plants  and  the  lithium  minerals  only  require 
for  this  purpose  to  be  held  in  the  flame.  Natural  silicates 
which  contain  only  traces  of  lithium  must  first  be  subjected 
to  the  following  treatment.  A  small  portion  of  the  substance 
is  digested  with  hydrofluoric  acid,  and  the  residue  moistened  with 


1  Moiasan,  Compl.  rend.,  1902,  134,  1083. 

''  Sprechsaal,  1910,  43,  683. 

'  J.  Washington  Acad.  Sc,  1911,  1,  49. 
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sulphuric  acid  and  heated ;  the  dry  mass  is  then  treated  with 
alcohol,  and  the  extract  allowed  to  evaporate  in  a  shallow 
dish.  The  solid  particles  are  scraped  off  and  brought  into  the 
flame  on  the  platinum  wire  (Bunsen). 

Lithium  is  separated  from  all  the  heavy  and  earthy  metals 
in  the  ordinary  process  of  analysis.  It  may  be  separated 
from  potassium  by  the  precipitation  of  the  latter  metal  as 
the  insoluble  double  chloride  of  potassium  and  platinum,  the 
corresponding  lithium  compound  being  soluble.  It  can  be 
separated  from  sodium  by  the  solubility  of  lithium  chloride 
in  a  mixture  of  ether  and  absolute  alcohol,  but  as  by  this 
process  a  small  quantity  of  sodium  chloride  is  found  to  be  dis- 
solved, it  is  best  to  determine  the  amount  of  chlorine  in  a  given 
weight  of  the  mixed  chlorides,  from  which  the  quantities  of 
lithium  and  sodium  may  be  calculated.  The  best  method  for 
the  separation  of  lithium  chloride  from  the  other  alkali  chlorides  " 
is  to  digest  the  solid  chlorides  repeatedly  with  pyridine,  in 
which  the  lithium  chloride  only  is  soluble;  the  chloride  is 
then  recovered  from  the  pyridine  solution  and  converted  inbo 
and  weighed  as  lithium  sulphate.^ 

The  atomic  weight  of  lithium  was  first  accurately  determined 
by  Mallet  in  1856  and  1859,  and  by  K.  Diehl  in  1862.  It  was 
afterwards  determined  by  Stas  by  converting  the  chloride  into 
the  nitrate,  and  by  the  determination  of  chlorine  in  lithium 
chloride,  the  atomic  weight  deduced  from  these  numbers  being 
7-03.  Richards  and  Willard^  have  since  redetermined  the 
atomic  weight  by  converting  the  chloride  into  silver  chloride, 
and  obtained  the  value  6-94  (Ag  =  107-88). 


SODIUM.     Na  =  23*oo 

130  In  the  writings  of  the  Old  Testament  (Jeremiah  ii.  22) 
we  find  a  substance  used  for  washing  purposes  mentioned  as 
nether.  This  same  substance  is  mentioned  in  Proverbs  as  being 
one  which  effervesces  when  vinegar  is  poured  over  it,  and  in  our 
version  this  substance  is  called  nitre.  In  Luther's  translation 
the  name  chalk  is  given  to  this  body,  but  there  can  be  little 
doubt  that  by  the  word  nether  was  meant  trona,  or  the  native 
carbonate  of  suda,  to  which  the  names  vkpov  in  Greek  and 
nitrum  in  Latin  were  applied. 

'  Kahlenberg  and  Krauskopf,  /.  Amer.  Chem.  Soc,  1908,  30,  1104. 

2  /.  Amer.  Chem.  Soc,  1910,  32,  4. 
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At  a  later  date  the  name  nitnmn  was  given  to  saltpetre ;  but 
up  to  the  fourth  century  there  is  no  doubt  that  nitrum  signified 
the  carbonate  of  soda  originally  obtained  from  the  salt  lakes  in 
Egypt,  to  which  the  names ^os  sails  and  spuma  nitri  were  given. 
Eeasons  for  believing  this  are,  amongst  others,  the  facts  stated 
by  Pliny,  that  in  the  first  place  this  nitrum  does  not  decrepitate 
when  thrown  on  the  fire  ("  igni  non  exsilit  nitrum  ")  as  salt- 
petre does ;  that,  secondly,  it  possesses  a  fatty  touch,  this  pro- 
perty being  heightened  by  boiling  it  with  lime ;  thirdly,  that 
the  nitrum  is  used  both  with  and  without  oil  in  the  baths  ("  in 
balneis  utuntur  (nitro)  sine  oleo ") ;  and  fourthly,  that  it  is 
largely  used  in  the  manufacture  of  glass. 

The  word  nitrum  was,  as  we  have  already  remarked,  long 
applied  indiscriminately  to  both  soda  and  potash.  The  history 
of  the  distinction  between  these  two  bodies  has  also  been  dwelt 
upon.  The  terms  soda  and  natron  came  into  general  use  in  the 
fifteenth  century  to  distinguish  fixed  alkali  from  nitre. 

131  The  sodium  compounds  occur  very  abundantly  and  are 
universally  diffused.  Vast  quantities  of  sodium  chloride,  NaCl, 
are  found  in  extended  deposits  as  rocksalt  in  different  parts  of 
the  world  and  in  various  geological  formations,  whilst  the  same 
compound  occurs  in  solution  in  sea-water,  salt  lakes,  salt 
springs,  and  many  mineral  waters.  The  double  fluoride  of 
sodium  and  aluminium,  or  cryolite,  3NaF,AlF3,  is  found  in  large 
quantity  in  Greenland ;  sodium  nitrate,  or  Chili  saltpetre, 
NaNOg,  is  deposited  in  beds  several  feet  thick  in  the  rainless 
districts  of  Southern  Peru  and  Bolivia ;  the  carbonate,  NagCOj, 
and  the  sulphate,  Na2S04,  are  found  either  in  springs  or  as 
deposits  in  the  beds  of  dried-up  lakes.  Many  minerals,  espe- 
cially nepheline,  sodalite,  albite,  labradorite,  contain  sodium 
silicate  in  considerable  quantity,  whilst  traces  of  sodium  com- 
pounds occur  in  all  silicates.  Indeed  it  is  difficult  to  find  any 
substance  which  does  not  contain  traces  of  sodium  as  evidenced 
by  the  very  delicate  spectroscopic  reaction. 

Sodium  compounds  are  found  also  in  living  organisms  of  all 
kinds.  The  whole  of  the  animal  body,  especially  the  juices,  is 
rich  in  sodium  compounds,  the  carbonate,  chloride,  and  phos- 
phate chiefly  occurring,  together  with  sodium  salts  of  organic 
acids. 

Plants  growing  in  or  near  the  sea  contain  sulphate,  iodide, 
and  chloride  of  sodium.  Sodium  salts  are,  however,  not  charac- 
teristic of  vegetable  life  in  the  same  sense  that  potassium  salts 
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are.  Thus,  whilst  the  latter  alkali  is  always  present  in  larger 
quantities  in  certain  organs  of  the  plant  than  in  others,  sodium 
appears  in  general  to  be  equally  diffused  throughout  the  whole 
organism.  It  is  also  a  remarkable  fact  that  the  sodium  salts 
contained  in  the  ashes  of  plants  are  insoluble  in  water,  as  they 
combine  with  the  phosphates  of  the  alkaline  earths  to  form 
insoluble  compounds.  For  this  reason  the  presence  of  sodium 
compounds  in  the  ashes  of  plants  has  often  been  overlooked. 

Duhamel  and  Cadet  have  shown  that  if  the  plant  Salsola  Soda, 
which  grows  near  the  sea,  and  which  yields  an  ash  rich  in  soda 
salts,  be  transplanted  to  an  inland  situation,  the  ash  gradually 
loses  in  soda  and  gains  in  potash,  until  at  last  the  whole  of  the 
former  disappears.  On  the  other  hand,  if  inland  plants  are 
grown  near  the  sea  the  reverse  change  takes  place  (Corren- 
winder). 

132  Preparation  of  Metallic  Sodium. — Sodium,  like  potassium^ 
was  first  obtained  in  1807  by  Davy  ^  by  electrolysis  of  caustic 
soda,  though  according  to  him  it  is  less  easily  prepared  in  this 
way  than  potassium.  Up  to  recent  years  sodium  was  manu- 
factured by  a  process,  proposed  by  Brunner,  of  igniting  a  mixture 
of  sodium  carbonate  and  charcoal,  and  this  method  was  im- 
proved by  Deville,^  who  showed  that  the  manufacture  of  sodium 
is  simpler  and  easier  than  that  of  potassium,  as  there  is  no 
liability  to  explosions.  This  process  is,  however,  a  costly  and 
an  uneconomical  one,  inasmuch  as  a  considerable  quantity  of  the 
sodium  is  volatilised  and  burns ;  some  adheres  to  the  receiver^ 
and  the  reduction  does  not  occur  completely,  so  that  in  a  well- 
conducted  operation  the  sodium  obtained  is  only  about  one-third 
of  the  theoretical  yield,  and,  moreover,  as  it  is  necessary  to 
expose  the  retorts  to  a  white  heat,  they  are  rapidly  burnt 
through  and  rendered  useless.  An  improvement  in  this  method 
of  manufacture,  introduced  by  Castner  ^  in  1886,  was  the  re- 
placement of  sodium  carbonate  by  caustic  soda.  The  reaction 
is  expressed  as  follows: 

6NaOH  -I-  2C  =  2Na2C03  +  SH^  +  2Na. 

By  this  process,  which  was  successfully  worked  for  some  tmne, 
the  price  of  sodium  was  materially  reduced^  but  subsequently 
Castner*  introduced  another  method  of  manufacture,  viz.,  the 

1  Phil.  Trans.,  1808,  98,  1.  "  Ann.  Ghim.  Phys.,  1855  [3],  43,  5. 

3  See  Rosooe,  Proc.  Roy.  Inal.,  1889,  12,  453. 

■•  /.  Soc.  Ghem.  Ind.,  1891,  10,  777;  Pat.  No.  13,-356  (1890). 
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electrolysis  of  caustic  soda,  which  has  placed  the  sodium  in- 
dustry on  an  entirely  new  basis,  and  obviated  the  great  diffi- 
culties which  necessarily  beset  all  the  older  processes.  The 
temperature  of  decomposition  rises  only  a  few  degrees  above 
300°C.,  and  thus  the  wear  and  tear  of  the  apparatus  is  reduced 
to  a  minimum,  whilst  at  the  same  time  the  whole  of  the 
sodium  is  obtained  as  metal.  In  the  year  1807,  Davy,  with 
his  battery  of  100  cells,  found  it  "  impossible  to  produce  the 
effects  of  decomposition  on  pieces  of  soda  of  more  than  fifteen 
or  twenty  grains  in  weight " ;  the  process  has  now  been  so 
amended  that  at  Weston  Point,  Euncorn,  and  at  Newcastle- 


Fio.  82. 


upon-Tyne,  in  England,  by  the  Castner  Kellner  Alkali  Com- 
pany, at  Rheinfelden  in  Germany  by  the  Eloktrochemische 
Fabrik  Natrium,  at  Clavaux,  France,  by  la  Societe  d'Electro- 
chimie,  and  in  America  by  the  Electrochemical  Company 
of  Niagara,  no  fewer  than  4-5,000  tons  of  sodium  are  manu- 
factured annually. 

The  apparatus  consists  of  an  iron  vessel  a  (Fig.  82)  suitably 
mounted  in  brickwork  r,  so  that  the  heat  applied  by  the  gas 
burners  g  may  be  well  distributed.  The  vessel  a  is  provided 
with  one  or  more  base  pipes  b  adapted  to  receive  the  negative 
electrodes  h,  which  are  preferably  of  metal  and  pass  up  into  the 
vessel.     Suspended  directly  above  the  cathode  A  is  a  tubular 
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iron  receptacle  (■  which  is  provided  on  its  upper  end  with  a 
lid  n,  whilst  to  its  lower  edges  is  secured  an  iron  wire  gauze  in, 
which,  when  the  receptacle  c  is  placed  in  position,  completely 
surrounds  the  cathode.  The  positive  electrodes  /  are  made  of 
such  metal  as  will  withstand  the  oxidising  action  of  the  evolved 
gases,  as,  for  instance,  nickel,  and  either  form  part  of  the  cover 
of  the  vessel  a  or  are  bolted  to  it,  being  so  placed  that  when  the 
cover  is  adjusted  the  electrodes  are  a  suitable  distance  from, 
and  directly  surround,  the  gauze  m.  Electrical  connection  is  made 
between  the  cover  by  the  connection  i  with  the  positive  pole 
of  the  dynamo,  and  with  the  negative  pole  by  the  connection  I. 
The  cover  is  provided  with  an  opening  p  for  the  escape  of  the 
gases  resulting  from  the  electrolysis,  this  opening  serving  also 
for  the  introduction  of  a  thermometer.  Insulation  is  made  at 
the  points  ss,  by  means  of  asbestos.  The  size  and  distance 
apart  of  the  electrodes  are  both  proportioned  to  the  quantity  of 
current  to  be  supplied,  the  effecti\'e  action  of  the  apparatus 
being  largely  dependent  on  the  accuracy  with  which  this  is 
carried  out. 

The  sodium,  being  much  lighter  than  the  hydroxide,  rises 
together  with  the  hydrogen  from  the  negative  electrode  and 
passes  into  the  receiver  c,  the  hydrogen  escaping  around  the 
edges  of  the  cover  n,  while  the  molten  metal  continues  to 
collect  in  quantity.  From  time  to  time  this  collected  metal  d 
is  removed  by  means  of  a  large  finely-perforated  spoon,  the 
perforations  enabling  the  molten  caustic  to  flow  out  whilst  the 
metal  remains  in  the  spoon.  Caustic  is  added  to  the  bath  from 
time  to  time  to  replace  the  metal  removed,  and  in  this  way 
a  continuous  process  may  be  carried  on  in  an  economical  manner. 

Any  rise  of  temperature  is  followed  by  a  proportionate 
loss  of  product  and  waste  of  electrical  energy,  but  it  is  possible 
so  to  adjust  the  electrical  current  and  the  quantity  of  caustic 
alkali  forming  the  electrolyte  that  the  proper  temperature  will 
be  maintained  in  a  previously  melted  bath  without  external 
heat ;  or  the  current  may  be  temporarily  increased  in  order  to 
melt  the  bath,  being  subsequently  reduced,  until  the  working 
temperature  is  attained ;  if  large  currents  are  used  the  bath 
and  the  electrodes  may  be  artificially  cooled  by  air  or  water 
circulation.  The  cathode  may  be  conveniently  sealed  in  the 
extension  h  by  means  of  molten  caustic  k  which  is  allowed  to 
harden  before  beginning  the  process. 

In  order  to  secure  a  fair  yield  of  metal  for  the  current  applied 
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it  is  necessary  that  the  temperature  of  the  electrolyte  should 
not  be  allowed  to  rise  above  330°,  or  20°  above  the  melting 
point  of  caustic  soda. 

The  sodium  thus  obtained  is  sufficiently  pure  for  ordinary 
purposes,  and  only  requires  to  be  remelted  and  then  cast  into 
sticks  about  one  inch  thick  and  a  foot  long.  These  may  be 
preserved  in  closed  vessels  in  dry  air  for  a  long  time  without 
undergoing  any  considerable  oxidation,  but  it  is  usual  first  to 
moisten  the  sticks  with  petroleum.  When  in  smaller  masses  it 
is  advisable  to  keep  the  sodium  under  petroleum. 

A  process  has  also  been  proposed  by  Darling  for  the  manu- 
facture of  sodium  and  nitric  acid  by  the  electrolysis  of  sodium 
nitrate,  but  has  not  yet  found  any  extended  application. 

J  22  Properties. —  Sodium  is  a  white  metal  possessing  a  high 
silver-white  lustre.  It  may  be  obtained  in  the  crystalline  con- 
dition by  sealing  up  100  grams  of  metal  in  a  glass  tube  filled 
with  hydrogen.  The  sodium  is  melted  at  one  end  of  the  glass 
tube  and  then  allowed  to  filter  through  some  wire  gauze  placed 
in  a  narrowed  portion  of  the  tube.  The  melted  metal  is  thus 
rendered  perfectly  free  from  oxide,  and  must  be  fused  in  the 
clean  part  of  the  tube,  allowed  to  cool  partially,  and  then  the 
central  liquid  portion  suddenly  poured  off  from  the  solidified 
crust.  According  to  Long.^  sodium  crystallises  in  the  tetragonal 
system,  forming  acute  octahedra.  The  specific  gravity  of 
sodium  at  0°  was  found  by  Davy  to  be  0'9348 ;  later  and 
more  accurate  determinations  of  Baumhauer  give  0'9735  as 
its  specific  gravity  at  13-5°.  At  —20°  sodium  is  rather  hard,  at 
0°  it  is  very  ductile,  at  the  ordinary  temperature  it  has  the  con- 
sistency of  wax,  at  50°  it  is  semi-fluid,  and  it  melts  at  97-6°, 
forming  a  liquid  resembling  mercury  in  its  appearance. 
Sodium  boils  at  877-5°,2  emitting  a  vapour  which  is  colourless 
when  seen  in  thin  layers,  but  of  a  peculiar  purple  colour  by 
transmitted  light  when  seen  in  quantity  (Roscoe  and 
Schuster),  and  which  exhibits  a  green  fluorescence.^  With 
the  exception  of  silver,  copper,  and  gold,  it  conducts  heat 
and  electricity  better  than  any  of  the  metals  (Matthiessen), 

'  Journ.  Ghem.  Soc,  1861,  13,  123. 

2  Ruff  and  Johannsen,  Ber.,  1905,  38,  3601  ;  compare  Perman,  Journ.  Chem. 
Soc,  1889,  55,  328. 

2  Wiedemann  and  Schmidt,  Ann.  Phys.  Chem.,  1896  [2],  57,  447;  Wood, 
Phil.  Mag.,  1905  [6],  10,  513;  Physikal.  Zeitschr.,  1906,  7,  105  ;  Phil.  Mag., 
1906  [6],  12,  499;  1909  [6],  18,  530;  Ziokendraht,  Physikal.  Zeitschr.,  1908 
9,  593 ;  Danoyer,  Compt.  rend.,  1911,  153,  333 ;  1912,  154,  815. 
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and  next  to  csesium,  rubidium,  and  potassium,  it  is  the  most 
electro-positive  metal  (Bunsen). 

Sodium  has  been  obtained  in  the  colloidal  state  by  the 
electrical  method  (p.  73),  forming  an  unstable  violet-coloured 
solution  in  ethyl  ether.^ 

When  freely  exposed  to  moist  air  sodium  oxidises  like  potass- 
ium, although  not  quite  so  rapidly.  It  burns  with  a  bright 
yellow  flame  when  heated  in  the  air,  forming  the  monoxide  and 
the  dioxide.  Thrown  on  to  cold  water  it  swims  on  the  surface, 
disengaging  hydrogen  and  dissolving,  but  not  evolving  heat 
enough  to  ignite  the  hydrogen.  Brought  into  contact  with  hot 
water,  or  thrown  on  to  a  thick  paste  of  starch,  or  wet  filter 
paper,  the  evolved  hydrogen  ignites  and  burns  with  a  yellow- 
tinted  sodium  flame. 

Sodium  is  largely  used  for  the  manufacture  of  cyanides  and 
sodium  peroxide,  and  for  the  preparation  of  silicon,  boron,  and 
magnesium,  and  of  certain  organic  substances  such  as  artificial 
indigo  and  antipyrin.  The  greater  part  of  the  sodium  now 
produced  in  England  is  sent  to  Glasgow,  where  it  is  converted 
into  sodium  cyanide  by  the  Cassel  Gold  Extracting  Company.^ 
Sodium  amalgam  also  has  been  employed  in  the  process  of  ex- 
tracting gold  from  the  quartzose  rock  in  which  it  occurs,  and 
this  amalgam,  like  sodium  itself,  is  of  great  service  as  a 
reducing  agent  in  the  laboratory. 


SODIUM  COMPOUNDS. 

Sodium  and  Oxygen. 


134  Sodium  forms  two  well-defined  oxides,  a  strong  basic 
monoxide  NagO,  and  a  peroxide  NaaOj.  In  addition  to  these 
a    grey    suboxide    possibly    exists,    and    also    a    sesquioxide. 


Na^G 


Sodmm  Suboxide,  NagO,  is  stated  to  be  formed  when  a  clean 
surface  of  the  metal  is  first  exposed  to  air,  and  when  pure  air 
is  passed  through  sodium  just  above  its  melting  point.  It  is 
described  as  a  grey  arborescent  mass,  which  burns  when  heated 
in  the  air,  and  decomposes  water  with  evolution  of  hydrogen.^* 


1 


Svedberg,  Ber.,  1905,  38,  3616. 

Beilby,   Advances  in   Chemical  Industry  during  the  Nineteenth  Century, 

Proc.  Soy.  Phil.  Soc,  Glasgow,  1904. 
»  de  Forcrand,  Compt.  rend.,  1898,  127,  364,  514. 
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Sodium  Monoxide,  Na^O. — Sodium  does  not  oxidise  in  perfectly 
dry  air,  but  when  heated  in  slightly  moist  oxj'gen  it  takes  fire 
and  burns  with  formation  of  a  mixture  of  the  monoxide  and 
peroxide.  If  the  amount  of  oxygen  be  limited  and  the 
sodium  be  not  heated  above  180°,  only  the  former  oxide  is 
obtained,^  and  can  be  freed  from  the  unaltered  metal  by  distilla- 
tion in  a  vacuum.^ 

The  monoxide  can  be  prepared  also  by  heating  sodium  nitrate 
or  nitrite  with  metallic  sodium,^  the  nitrogen  being  liberated : 

2NaN02-|-  6Na  =  4Na20  +  N^. 

It  is  a  white,  amorphous  mass  (Rengade),  having  a  conchoidal 
fracture,  and  a  sp.  gr.  of  2-805.  It  melts  at  a  dull  red  heat,  and 
undergoes  volatilisation  at  a  still  higher  temperature  (Davy) ; 
when  heated  above  400°  it  is  decomposed  into  the  peroxide  and 
metal,  but  in  a  vacuum  is  dissociated  at  300°.*  When  brought 
in  contact  with  water  violent  action  occurs,  sodium  hydroxide 
being  formed.  Carbon  dioxide  is  not  absorbed  by  sodium 
monoxide  when  cold,  but  sodium  carbonate  is  formed  at  300°^. 

Sodium  monoxide  is  the  oxide  corresponding  to  the  mono- 
valent sodium  salts,  to  which  class,  as  already  stated,  all  the 
stable  salts  belong.  They  are  characterised  by  the  fact  that 
almost  all  are  readily  soluble  in  water,  even  when  the  corres- 
ponding salts  of  the  remaining  alkali  metals  are  sparingly 
soluble.  The  least  soluble  inorganic  salt  of  sodium  is  the 
metantimonate. 

Sodium  Hydroxide,  Sodium,  Hydrate,  or  Caustic  Soda,  NaOH. — ■ 
When  water  is  added  to  sodium  monoxide  great  heat  is  evolved 
and  the  hydroxide  is  formed ;  it  is  obtained  also  when  water  is 
decomposed  by  sodium.  It  is  best  prepared  in  this  way  by 
placing  metallic  sodium  in  a  pointed  funnel  of  nickel  gauze  over 
water  contained  in  a  basin,  and  covering  the  funnel  with  a  bell 
jar  which  stands  in  the  basin,  raised  from  the  bottom  by  some 
pieces  of  glass  rod.  The  water  vapour  attacks  the  sodium,  and 
a  solution  of  pure  caustic  soda  (of  about  40  per  cent,  strength) 
is  formed,  which  drips  into  a  platinum  or  nickel  vessel  placed 
under  the  funnel  to  receive  it.  The  hydrogen  evolved  passes 
out  through  the  water  under  the  edge  of  the  bell  jar.'^ 

'  Holt  and  Sims,  J  own.  Chem.  Soc,  1894,  65,  442. 
^  Rengade,  Compt.  rend.,  1906,  143,  1152. 
^  German  Patent,  142467  (22/7/1902). 
*  Rengade,  Compt.  rend.,  1907,  144,  755. 
"  Kiister,  Zeit.  anorg.  Chem.,  1904,  41,  474. 
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Care  is  needed  in  the  construction  of  the  apparatus  for  this 
preparation,  as,  if  liquid  water  comes  in  contact  with  com- 
paratively large  pieces  of  sodium,  dangerous  explosions  some- 
times occur.  The  cause  of  these  is  not  definitely  known,  but 
they  are  possibly  due  to  the  presence  of  carbide  in  the  metal.^ 

The  solution  may  be  evaporated,  and  the  caustic  soda  obtained 
iu  a  fused  state  and  cast  into  sticks.  The  hydroxide  thus  ob- 
tained is  free  from  chloride  and  sulphate  of  sodium,  and  from 
alumina,  silica,  and  oxide  of  iron. 

In  order  to  obtain  it  more  cheaply  a  solution  of  sodium 
carbonate  is  boiled  with  milk  of  lime  : 

NaaCOg  -f  Ca(0H)2  =  2NaOH  +  CaCOa, 

and  it  is  now  obtained  also  by  the  electrolysis  of  a  solution  of 
sodium  chloride,  the  sodium  first  liberated  reacting  with  the 
water  to  form  caustic  soda  with  evolution  of  hydrogen,  The 
manufacture  by  both  of  these  methods  will  be  described  later, 
together  with  that  of  sodium  carbonate  (p.  280). 

Commercial  caustic  soda  prepared  by  the  first  method  always 
contains  sodium  chloride,  sodium  sulphate,  alumina,  and  fre- 
quently silica  and  ferric  oxide.  It  may  be  purified  by  dissolving 
in  pure  alcohol,  and  evaporating  the  clear  solution  to  dryness  in 
a  silver  basin  {Sonde  a  I'alcool,  BerthoUet).  The  product  still 
■contains  traces  of  sodium  chloride,  carbonate  and  acetate, 
the  latter  being  formed  by  the  action  of  caustic  soda  on  the 
alcohol. 

Caustic  soda  is  a  white  opaque  solid,  with  a  fibrous  texture ; 
it  has  a  specific  gravity  of  213  (Filhol),  melts  at  310°,  is 
rather  less  volatile  than  caustic  potash,  and  decomposes  into 
its  elements  at  the  melting  point  of  cast  iron ;  heated  in  an 
atmosphere  of  nitrogen  at  400°  it  becomes  quite  anhydrous  and 
shows  no  signs  of  decomposition  when  the  temperature  is  raised 
to  720°.2  It  deliquesces  in  the  air  and  when  moist  absorbs 
carbon  dioxide,  and  acts  as  a  powerful  cautery.  It  is  very 
soluble  in  water  and  in  alcohol,  one  part  dissolving  in  0-47  part 
of  the  former,  yielding  a  strongly  alkaline  solution.  The  fused 
substance  rapidly  corrodes  most  metals ;  cast  iron  and  silver  are 
slighted  affected,  gold  being  the  only  metal  which  is  not 
attacked. 

I  Harpf  and  Fleissner,  Chem.  Centr.,  1906,  II.  994;  Kiister,  IbiiL 
■'  Bergmann,  Ber.,  1909,  42,  4728. 
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Hydrates  of  Caustic  Soda. — The  equilibrium  curve  for  caustic 
soda  and  water  is  of  a  very  complex  character,^  and  indicates 
the  existence  of  a  number  of  hydrates.  Among  these  the 
following  have  been  isolated :  NaOH.HgO,  melting  at  64°, 
is  always  produced  when  a  hot  concentrated  solution  of  the 
hydroxide  is  allowed  to  cool;  NaOH,2H20,  melting  at  about 
12°,  is  obtained  from  96-8  per  cent,  alcohol  2;  2NaOH,7H20  is 
deposited  in  large  transparent  tabular  monoclinic  crystals  when 
a  solution  of  soda-ley  of  specific  gravity  1'365  is  exposed  to  a 
temperature  of  —  8°.  These  crystals  melt  at  6°,  yielding  a  liquid 
having  a  specific  gravity  of  1"405  (Hermes),^  but  according  to 
Pickering  melt  at  15'5°. 

In  addition  to  these  there  is  evidence  for  the  existence  of 
two  isomeric  hydrates  with  4H2O  ;  NaOH.SHgO ;  NaOH.THgO, 
and  a  complex  labile  hydrate  with  S'llHgO.  The  hydrate 
2NaOH,3H20  has  also  been  described.* 

The  following  table  gives  the  specific  gravity  of  caustic  soda 
solutions  at  1574°,  according  to  the  experiments  of  Bousfield 
and  Lowry :  ^ 

Percentage  of  Specific  Percentage  of  Specific 

NaOH.  gravity.  NaOH.  gravity. 

5  10556  30  1-3309 

10  1-1111  35  1-3830 

15  1-1665  40  1-4334 

20  1-2218  45  1-4815 

25  1-2768  .50  1-5290 

Caustic  soda  is  a  most  useful  substance,  and  is  largely  used 
for  many  industrial  processes,  its  chief  employment  being  in  the 
manufacture  of  soap.  A  description  of  the  methods  used  for  its 
preparation  on  the  large  scale  will  be  found  in  the  sequel. 

135  Sodium  Dioxide,  NejOj,  is  formed  when  the  metal  is  heated 
in  an  excess  of  air  or  oxygen,  and  is  prepared  on  the  large  scale 
by  placing  sodium  on  aluminium  trays,  which  are  in  turn  placed 
on  tram  carriages  which  are  passed  through  an  iron  tube  heated 
to  about  300°.  The  air  is  freed  from  moisture  and  carbonic  acid 
before  passing  through  the  tube,  and  as  the  fully  oxidised 
product  is  taken  from  the  finishing  end  of  the  tube  a  fresh 

'  Pickering,  Joiirn.  Ghem.  Soc,  1893,  63,  89C;  Dietz,  Wissenschaft.  Ahhandl. 
Reichsanstall.  1900,  3,  4-50. 
2  Gottig,  /.  pr.  Ghem.,  1889  {1),  2,  360.  ^  Pogg.  Ann.,  1863,  119,  170. 

*  de  Forcrand,  Gompt.  rend.,  1901,  133,  223. 
5  Phil.  Trans.,  1905,  A.  204,  253. 
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charge  of  sodium  is  placed  at  the  other  end,  the  tram  carriages 
being  pushed  forward  to  admit  the  fresh  trays.  The  finished 
product  contains  about  93  per  cent.  NaPg.  About  500  tons 
are  manufactured  per  annum  by  this  process  by  the  Castner 
Kellner  and  other  companies. 

Pure  sodium  dioxide  is  yellow,  but  becomes  white  on 
exposure  to  the  air  from  absorption  of  water  and  carbon 
dioxide.i  It  dissolves  in  water  with  partial  formation  of 
caustic  soda  and  hydrogen  dioxide,  the  latter  decomposing  on 
heating  into  water  and  oxygen,  and  an  analogous  decomposi- 
tion takes  place  on  addition  of  mineral  acids,  the  corresponding 
sodium  salt  being  formed.  It  does  not  give  off  oxygen,  unless 
heated  to  very  high  temperatures,  but  acts  as  a  very  strong 
oxidising  agent  on  any  substance  mixed  with  it,  and  is  there- 
fore used  in  the  analysis  of  many  minerals,  such  as  iron  pyrites, 
chrome  ironstone,  &c. ;  fused  with  finely  divided  gold,  it  forms 
sodium  aurate.^  It  has  a  very  violent  action  on  glacial 
acetic  acid,  the  whole  mass  becoming  ignited,  and  in  presence 
of  moisture  oxidises  any  readily  combustible  substances  such  as 
wood,  paper,  &c.,  and  great  care  must  therefore  be  exercised  in 
dealing  with  large  quantities  of  the  dioxide.  It  is  reduced  to 
metallic  sodium  by  charcoal,  coke,  or  graphite  at  300-400°.^ 

It  absorbs  carbon  dioxide  with  formation  of  sodium 
carbonate  and  liberation  of  oxygen,  and  on  account  of  this 
property  its  use  has  been  proposed*  for  the  regeneration  of  air 
in  closed  spaces  contaminated  by  respiration,  such  as  sub- 
marines, and  in  respiratory  apparatus  for  use  in  atmospheres 
containing  noxious  gases.  It  also  absorbs  carbonic  oxide  with 
formation  of  sodium  carbonate,  and  nitrous  and  nitric  oxides 
with  formation  of  sodium  nitrate.^  With  ammonium  persul- 
phate it  forms  an  explosive  mixture.*  When  the  solution  in  cold 
water  is  allowed  to  evaporate,  large  tabular  hexagonal  crystals 
of  the  hydrate  NagOj.SHaO  separate  out,  which  on  standing  over 
sulphuric  acid  lose  water,  forming  the  hydrate  Na202,2H20. 
The  first  hydrate  is  formed  also  when  alcohol  is  added  to  a 
mixed  solution  of  caustic  soda  and    hydrogen    peroxide,''  and 

1  Jaubert,  Compt.  rend  ,  1901,  132,  3.5. 
^  Meyer,  Compt.  rend.,  1907,  145,  805. 

'  Bamberger,  Ber.,  1898,  31,  451.  *  German  Patent,  168717,  3/3/1904. 

5  Haroourt,  Journ.  Chem.  Soc,  1862,  14,  276. 
«  Kempf  and  Oehler,  Ber.,  1908,  41,  2576. 

7  Fairley,  Journ.  Chem.  Soc,  1877,  31,  125.  See  also  de  Forcrand,  Comjjt. 
rend.,  1899,  129,  1246  ;  1900,  130,  1555. 
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these  two  hydrates  are  also  formed  when  the  peroxide  is 
exposed  to  moist  air  free  from  carbon  dioxide.^  When  carefully 
hydrated  by  means  of  ice  it  absorbs  carbon  dioxide  at  low 
temperatures  with  the  formation  of  percarbonates.^ 

A  colourless  powder  having  the  composition  Na202.2HCl 
is  formed  when  sodium  dioxide  is  suspended  in  carbon  tetra- 
chloride and  treated  with  dry  hydrochloric  acid  gas ;  this 
product  is  readily  decomposed  by  water,  yielding  a  solution  of 
hydrogen  peroxide.^ 

A  solution  of  the  dioxide  in  hydrochloric  acid,  consisting  of 
sodium  chloride  and  hydrogen  dioxide,  is  now  manufactured  on 
the  large  scale,  and  is  much  used  for  bleaching  straw. 

Monosodium  Hydrogen  Peroxide,  NaO.OH. — When  sodium 
peroxide  is  treated  with  alcoholic  hydrochloric  acid  or  with 
absolute  alcohol  at  0°,  the  dioxide  partially  dissolves  and  a  white 
powder  remains  which  has  the  composition  NaOgH.*  It  dissolves 
in  water  at  0°,  forming  a  strongly  alkaline  solution,  which  on 
warming  decomposes  into  caustic  soda  and  oxygen,  the  same 
decomposition  taking  place  with  explosion  when  the  dry 
substance  is  heated.  It  does  not  yield  salts  with  mineral 
acids,  but  with  acetic  acid  forms  a  crystalline  compound  of 
sodium  acetate  containing  hydrogen  peroxide  of  crystallisation 
2CHg.COONa,H"202.^  Its  formation  from  the  dioxide  is  repre- 
sented by  the  equation  : 

NaPa  +  C2H5OH  =  NaOC^Hj  -f  NaO.OH. 

Monosodium  hydrogen  peroxide  gives  off  oxygen  on  addition 
of  potassium  permanganate,  evolves  chlorine  with  hydrochloric 
acid,  and  liberates  iodine  from  potassium  iodide  at  the  ordinary 
temperature. 

The  dry  substance  is  not  acted  upon  by  carbon  dioxide,  but 
in  presence  of  a  trace  of  moisture  it  is  decomposed  by  the  gas ; 
an  aqueous  solution  absorbs  carbon  dioxide  at  low  temperatures 
forming  an  unstable  percarbonate.^  When  treated  with  absolute 
alcohol  or  with  hydrogen  peroxide,  a  stable  peroxide  is  formed 
containing  hydrogen  peroxide  of  crystallisation,  2NaH02,H202 ;  ^ 

1  .Jaubert,  Compt.  rend.,  1901,  132,  86. 

2  Wolfifenstein  and  Peltner,  Ber.,  1908,  41,  280;  German  Patent,  188569. 

3  Jaubert,  German  Patent,  229572.         "  Tafel,  Ber.,  1894,  27,  816,  2297. 
^  D'Ans  and  Friederich,  Zeit.  anorg.  Chem.,  1912,  73,  325. 

"  Wolffenstein  and  Peltner,  loc.  cit. 
'  D'Ans  and  Friederich,  loc.  cit. 
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the  same  substance  is  formed  by  treating  sodium  ethoxide  with 
a  mixture  of  30  per  cent,  hydrogen  peroxide  and  absolute  alcohol/ 
and  by  the  action  of  an  ethereal  solution  of  anhydrous  100  per 
cent,  hydrogen  peroxide  on  metallic  sodium.^' 

Sodium  Trioxide,  Na^Og,  is  formed  according  to  Joannis,^  by 
the  action  of  an  excess  of  oxygen  on  a  solution  of  sodium 
in  liquid  ammonia.  It  is  decomposed  by  water  with  evolution 
of  oxygen  and  formation  of  the  hydrated  dioxide,  and  by  carbon 
dioxide  with  evolution  of  oxygen. 


Sodium  and  Hydrogen 

136  Sodium  Hydride,  NaH. — When  sodium  is  heated  in  hydro- 
gen at  370°,  the  hydride  is  produced  as  a  colourless  crystalline 
sublimate.  It  has  the  specific  gravity  092,  and  is  insoluble  in 
organic  solvents  and  in  liquid  ammonia,  but  dissolves  in  fused 
sodium.  When  strongly  heated  in  a  vacuum  it  dissociates  into  its 
elements.  The  hydride  is  at  once  decomposed  by  water  with 
formation  of  caustic  soda  and  hydrogen,  burns  when  heated  in 
dry  air,  and  ignites  spontaneously  in  moist  air.  It  burns 
brilliantly  in  fluorine,  chlorine,  and  nitrogen  peroxide,  and  is 
decomposed  by  hydrogen  chloride,  nitric  and  sulphuric  acids, 
and  by  solid  oxidising  agents.*  When  the  hydride  is  heated  in 
carbon  dioxide,  carbon  is  liberated,  whilst  it  combines  with 
moist  carbon  dioxide  to  form  sodium  formate,^  H.COgNa.  The 
absorption  of  hydrogen  by  sodium  was  observed  by  Troost  and 
Hautefeuille,**  but  they  did  not  obtain  the  crystalline  hydride. 
The  heat  of  formation  of  the  solid  compound  from  its  elements 
is  16-6  caU 

Sodium  and  the  Halogens. 

137  Sodium  Fluoride,  NaF,  is  prepared  by  neutralising 
aqueous  hydrofluoric  acid  with  caustic  soda  or  sodium  carbonate. 

1  Wolfifensteiu  and  Peltner,  loc.  cit.  ;  Oerman  Patent,  196369. 

2  D'Ans  and  Friederich,  loc.  cit. 

3  Gompt.  rend.,  1893,  116,  1370  ;  Ann.  Chim.  Phys.,  1906,  (8)  7,  5. 

"  Moissan,  Oompt.  rend.,  1901,  133,  803 ;  1902,  134,  71 ;  Holt,  Proc.  Chem. 
Soc,  1903,  187  ;  Mem.  Manch.  Phil.  Soc,  1909,  53  (xvii.),  1. 

'  Moissan,  Gompt.  rend.,  1903,  136,  723. 

6  Ann.  Ghim.  Phyn.,  1874  (5)  2,  273. 

'  de  Forcrand,  Gompt.  rend.,  1905,  140,  990  ;  compare  also  Keyes, /.  Amer. 
Chem.  Soc,  1912,  34,  779. 
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It  crystallises  in  cubes  and  sometimes  in  octahedra/  has  a 
specific  gravity  of  2-766,  and  melts  at  980°  (Ruff  and  Plato). 
It  is  sparingly  soluble  in  water,  100  parts  of  water  dissolving 
4  parts  of  the  salt  at  15°  (Fr^my).  It  is  sometimes  employed 
as  an  antiseptic. 

Sodium  Chloride,  or  Common  Salt,  NaCl.^Davy  states  that 
sodium  takes  fire  when  brought  into  chlorine  gas.  Wanklyn  ^ 
has,  however,  shown  that  dry  chlorine  does  not  attack  sodium 
even  in  the  melted  state.  Probably  Davy's  chlorine  was  moist. 
Metallic  sodium  also  retains  its  brightness  in  liquid  chlorine 
at  -80°.  * 

Chloride  of  sodium  occurs  as  rock-salt  in  large  deposits  in 
various  geological  strata,  in  solution  in  sea-water  and  brine 
springs,  and  in  small  quantities  in  all  running  water.  The  chief 
European  deposits  of  salt  occur  in  the  trias  formation.  The 
most  important  in  England  are  those  at  Northwich  and  Winsford 
in  Cheshire,  at  Fleetwood  in  Lancashire,  and  at  Middlesboro' 
in  Yorkshire.  On  the  Continent  important  deposits  occur  at 
Weilizca  in  Galicia,  at  Reichenhall,  Hallein,  Berchtesgaden, 
and  other  localities  in  the  Tyrol,  and  at  Stassfurt  in  the 
north  of  Germany.  Rock-salt  occurs  also  in  France,  Spain^ 
and  Switzerland,  and  in  Asia,  Africa  and  America,  in  various 
localities. 

The  Cheshire  salt-beds  occur  in  the  keuper  (triassic)  beds. 
They  are  two  in  number,  separated  by  about  thirty  feet  of  clay: 
they  are  together  about  sixty  yards  thick,  and  extend  over  an 
area  of  sixteen  miles  by  ten. 

The  methods  adopted  for  raising  and  working  the  salt  differ 
widely,  according  to  the  nature  of  the  deposit  and  its  situation. 
Sometimes  the  rock-salt  is  mined  and  brought  up  to  the  surface; 
generally,  however,  salt  springs  or  brine  wells  are  artificially 
constructed  by  sinking  a  bore-hole  through  the  overlying  strata 
to  the  salt-bed,  and  allowing  water  to  pass  down  this  boring. 
The  water  soon  becomes  saturated  with  salt,  and  it  is  then 
pumped  up  and  the  salt  obtained  by  evaporation,  either  by 
means  of  fuel  or  by  exposure  to  air. 

Owing  to  the  presence  of  cheap  fuel  and  water  carriage  the 
quantity  of  salt  raised  in  England  is  much  larger  than  that 
obtained  in  any  other  country.  About  1,658,000  tons  of  salt 
were  obtained   from   English   brine  in  the  year  1905,  and  in 

1  Korbs,  Zeit.  Kryst.  Min.,  1907,  43,  451. 
"  Ghem.  News,  1869,  20,  271. 
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addition  231,000  tons  were  raised  as  rock-salt;  the  total  produc- 
tion in  1910  was  2,051,000  tons. 

The  process  of  evaporating  the  brine,  100  parts  by  weight 
of  which  in  Cheshire  usually  contain  23-3  parts  of  salt,  is  of  the 
simplest  kind.  Indeed  it  has  not  been  improved  since  the  time 
of  the  Romans,  and  although  very  numerous  patents  for  the 
purpose  have  been  taken  out,  no  economy  in  fuel  has  been 
effected.  The  brine  is  evaporated  in  large  shallow  iron  pans 
heated  by  means  of  fires  placed  beneath.  The  appearance  and 
quality  of  the  salt  deposited  depends  upon  the  temperature 
at  which  the  brine  is  kept  and  the  rapidity  with  which  the 
process  of  evaporation  is  conducted.  The  Cheshire  brine  con- 
tains about  1-65  per  cent,  of  calcium  sulphate,  CaSO^,  and 
about  005  per  cent,  of  magnesium  chloride,  MgClg.  The  first 
of  these  salts  is  deposited  as  pan-scale  when  the  brine  is  boiled 
down. 

In  Germany,  where  fuel  is  dear,  the  brine  is  sometimes 
evaporated  by  exposing  it  to  the  action  of  the  air  by  a  process 
termed  "graduation."  After  having  been  allowed  to  trickle 
several  times  over  high  walls  of  fagots  and  thus  become  more 
concentrated,  it  is  boiled  down  in  pans. 

PreparaMon  of  Salt  from  Sea-water. — The  evaporation  of 
sea-water  in  salterns,  or  brine-pans,  by  the  aid  of  air  and  the 
sun's  heat  has  been  carried  out  from  very  early  times.  In 
England,  at  Hayling  Island  near  Portsmouth,  and  at  Lymington, 
and  in  Scotland  at  Saltcoats  on  the  Ayrshire  coast,  such  salterns 
have  been  in  use  quite  recently. 

In  countries  more  favoured  by  sunshine,  such  as  the  coast  of 
France,  Sicily,  Portugal,  and  Spain,  these  salterns  are  more 
numerous  than  with  us.  When  this  salt,  termed  Bay-salt,  is 
deposited,  a  mother-liquor  called  Bittern  is  left.  This  consists 
of  the  chlorides,  sulphates,  and  bromides  of  magnesium  and 
potassium,  and  from  this  bromine  is  obtained. 

All  common  salt  contains  a  small  quantity  of  sodium  sul- 
phate, calcium  sulphate,  and  magnesium  chloride.  The  presence 
of  the  last  compound  renders  the  salt  liable  to  become  damp 
in  the  air.  This  same  substance  not  infrequently  attacks  the 
iron  pans,  causing  the  presence  of  traces  of  ferric  chloride  in 
the  salt. 

In  order  to  prepare  chemically  pure  sodium  chloride  from 
common  salt,  hydrochloric  acid  gas  is  passed  into  a  saturated 
solution  of  salt.     A  precipitate  of  the  pure  chloride  is  thrown 
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down,  the  alkali  sulphates  and  magnesium  chloride  remaining 
in  solution.  The  precipitate  is  transferred  to  a  filter,  washed  with 
concentrated  hydrochloric  acid,  and  then  dried  and  fused  in  a 
platinum  basin. 

Fropej'ties.— Sodium,  chloride  crystallises  in  cubes.  Rock- 
salt  is  usually  found  in  cubical  crystals,  sometimes,  however, 
in  octahedra  and  intermediate  forms.  It  possesses  an  agreeable 
saline  taste  and  a  specific  gravity  at  0"  of  2'16.  Rock-salt  is 
highly  diathermanous,  that  is,  it  permits  the  heat  rays,  dark  as 
well  as  visible,  to  pass  through  it;  hence  it  is  a  valuable  substance 
in  thermal  researches.  Sodium  chloride  melts  at  815'4°  (Meyer, 
Riddle  and  Lamb),  808°  (Amadori),^  and  begins  to  volatilise  at 
temperatures  not  far  removed  from  its  melting  point ;  hence  it 
cannot  be  fused  without  loss  (Stas).  It  boils  at  1750°  (Emich).^ 
A  colloidal  form  of  sodium  chloride  has  been  prepared  by 
Paal.3 

When  heated  with  silicic  or  boric  acid,  sodium  chloride  is 
decomposed,  with  liberation  of  hydrochloric  acid  and  forma- 
tion of  a  silicate  or  borate.  It  has  been  proposed  to  utilise 
the  former  of  these  reactions  for  the  manufacture  of  sodium 
carbonate,  but  without  practical  success.  Sulphuric  acid  decom- 
poses it,  hydrochloric  acid  and  hydrogen  sodium  sulphate  or 
the  normal  sulphate  being  formed. 

According  to  the  experiments  of  Berkeley,*  one  hundred 
parts  of  water  dissolve  the  following  quantities  of  sodium 
chloride  at  the  corresponding  temperatures  : 

Temp.  0°  10°  20°  30°  40°  60°  80°  100°  107-7° 
NaCi.    35-74  35-78  35-94  36-16  36-47  37-19  3802  39-12  39-65 

Hence  sodium  chloride  is  not,  as  was  formerly  supposed  to  be 
the  casO;  equally  soluble  in  cold  and  in  hot  water.  The  boiling 
point  of  the  saturated  solution  is  107-7°  at  745  mm.  pressure 
(Berkeley).  The  specific  gravity  of  salt  solutions  of  different 
strengths  is,  according  to  Gerlach,''  as  follows  : 

Percentage  of  NaCl.  5  10  15  20  25 

Specific  Gravity  at  15°.  1-03624  r07335   111146  1-15107  1-19228 

Chloride  of  sodium  is  nearly  insoluble  in  absolute  alcohol. 

1  Atii  R.  Accad.  Lincti,  1912  [v.],  21,  i.  467. 

2  Verh.  Ges.  cleut.  Naturforsch.  Aente,  1910,  ii.  65. 

■■>  Ber.,  1906,  39,  1436,  2859;  Paal  and  Kuhn,  Ber.,  1908,  41,  51. 
*  Phil.  Trans.,  1904,  A.  203,  206. 
■'  Zeit.  anal.  Chem.,  1869,  8,  279. 
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When  the  temperature  of  a  saturated  solution  of  sodium 
chloride  is  lowered  to  — 10°,  a  crystalline  hydi'ate  separates  out  ^ 
having  the  composition  NaCl,2H20  ;  this  is  obtained  also  by 
cooling  a  solution  of  sodium  chloride  in  hot  hydrochloric  acid, 
in  which  it  is  sparingly  soluble.^  When  brine  is  further  cooled 
to  —22°,  acicular  bundles  of  crystals  separate  out.  These 
consist  of  the  cryohydrate,  which  contains  23"7  per  cent,  of 
sodium  chloride  (Guthrie).^ 

Sodium  chloride  is  frequently  found  as  rock-salt  in  blue 
crystals,  which  become  colourless  when  heated.  A  similar 
coloration  can  be  produced  by  exposing  colourless  crystals  to 
the  vapour  of  metallic  sodium  or  potassium,  to  the  cathode 
rays,  and  to  the  radiation  from  radium.  The  artificial  coloration 
appears  to  be  due  either  to  the  presence  of  the  metal  or  a 
subchloride,  but  it  has  not  yet  been  definitely  ascertained 
whether  the  natural  coloration  is  due  to  the  same  cause  or  to 
the  presence  of  an  organic  colouring  matter.* 

Sodium  Bromide,  NaBr,  and  Sodium  Iodide,  Nal,  are  prepared 
by  processes  similar  to  those  employed  in  the  case  of  the 
corresponding  potassium  salts,  the  latter  being  more  largely 
used  (p.  331).  Both  crystallise  from  hot  concentrated  solution  in 
anhydrous  cubes,  whilst  if  the  solutions  be  allowed  to  evaporate 
at  the  ordinary  temperature,  monoclinic  prisms  are  deposited. 
These  contain  two  molecules  of  water  of  crystallisation, 
NaBr,2H20  and  NaI,2H20,  and  are  isomorphous  with  the  corres- 
ponding hydrate  of  sodium  chloride ;  hydrates  with  5H2O  also 
exist  at  low  temperatures.  The  bromide  melts  at  748°,  and  the 
iodide  at  662"  (Amadori).^  Both  sodium  bromide  and  sodium 
iodide  have  been  prepared  in  a  colloidal  form  by  Paal.^ 

Sodium  Hypochlorite,  NaClO,  may  be  prepared  by  passing 
chlorine  over  po¥/dered  sodium  carbonate  slightly  moistened 
with  water ;  it  is,  however,  usually  obtained  in  solution  on  the 
small  scale  by  passing  chlorine  into  a  solution  of  caustic  soda, 
which  yields  a  mixture  of  the  chloride  and  hypochlorite : 

2NaOH  +  CI2  =  NaCl  +  NaClO  +  H^O. 

1  Lowitz,  Crell.  Ann.,  179.3,  i.  314. 

'  Bevan,  Chem.  News,  1877,  35,  17.  ^ 

3  Phil.  Mag.,  1875,  (4),  49,  9;  Matignon,  Oompt.  rend.,  1909,  148,  o50. 

•*  See  Wohler  and  Kasarnowski,  Zeit.  anorg.  Chem.,  1905,  47,  353,  vyhere 
the  various  possibilities  are  discussed  and  references  to  the  literature  given  ; 
and  Siedentopf ,  Physihalische  Zeitschr. ,  1905,  6,  855. 

5  AttiE.  Accad.  Lincei,  1912  [v.],  21,  i.  467. 

s  Ser.,  1906,  39,  2859  ;  Paal  and  Kiihn,  Ber.,  1908,  41,  51. 
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Traces  of  iron  render  these  solutions  unstable,  but  in  the 
absence  of  iron  fairly  stable  solutions,  yielding  about  30  per 
cent,  of  available  chlorine,  can  be  prepared.  When  more  con- 
centrated solutions  are  cooled  they  deposit  solid  sodium 
hypochlorite  in  fine  needles  belonging  to  the  tetragonal  system, 
which  contain  39'9  per  cent,  of  NaClO,  54'7  per  cent,  of  water, 
and  small  amounts  of  sodium  chloride,  chlorate,  and  hydrate. 
These  crystals  are  much  more  stable  than  the  solutions  from 
which  they  crystallise.^ 

Technical  Preparation. — Sodium  hypochlorite  in  solution 
was  known  about  1790,  and  in  1820  it  was  well  known  as 
Eau  de  Labarraque,  and  subsequently  as  Eau  de  Javelle  indis- 
criminately with  the  potassium  hypochlorite  solution.  The 
solution  was  first  made  by  passing  chlorine  into  a  soda  solution, 
but  afterwards  by  decomposing  bleaching  powder  by  a  soda 
solution  or  by  sodium  sulphate ;  these  solutions  have  been  made 
in  large  quantities  in  South  Lancashire  and  France  for  bleaching 
purposes ;  they  contain  7  to  15  per  cent,  available  chlorine. 

Still  weaker  solutions  are  now  prepared  in  large  quantities 
at  a  large  number  of  paper  and  bleaching  works  by  electrolysing 
a  solution  of  common  salt  under  suitable  conditions  so  that  the 
hypochlorite  shall  not  be  converted  into  chlorate,  nor  yet  re- 
duced by  the  escaping  hydrogen  to  chloride.  The  solutions  are 
therefore  made  only  weak,  seldom  exceeding  1  per  cent,  available 
chlorine,  but  as  they  are  manufactured  where  used,  this  is  no 
disadvantage.  The  first  practical  process  was  that  of  Hermite 
in  1884,  since  when  numerous  variations  have  been  introduced  ; 
a  full  account  of  these  has  been  given  by  Engelhardt,^  and  the 
theoretical  considerations  underlying  the  process  have  been 
described  by  Abel.^  The  solutions  frequently  contain  hypo- 
chlorous  acid.  Probably  10,000  horse-power  is  used  in  the  various 
installations. 

The  crystals  prepared  by  Muspratt  and  Smith  in  their 
first  experiments  melted  at  about  20°  C.  and  then  rapidly 
decomposed,  so  that  there  was  little  prospect  of  making  this 
material  technically  useful;  but  in  1903  Muspratt  succeeded  in 
drying  the  ciystals  in  a  vacuum,  and  obtained  a  powder  melting 

1  Muspratt  and  Shrapnell-Smith,  J.  Soc.  Chem.  Ind.,  1898,  17,  1096;  1899, 
18,  210. 

^  Hypochlorite  und  deJctrische  Bleiche,  1903.  See  also  Allmand,  Applied 
Electrochemistry,  1912,  p.  318  ;  and  Kershaw,  /.  Soc.  Chem.  Ind.,  1912, 
31,  54. 

^  Hypochlorite  und  ehhlriache  Bleiche,  1905. 
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about  45°  C.  and  containing  from  40  to  60  per  cent,  available 
chlorine. 

Sodmm  Chlorate,  NaClOg. — This  salt  is  obtained,  according  to 
Muspratt  and  Eschelmann's  process,  by  saturating  milk  of 
magnesia  with  chlorine  and  adding  sodium  carbonate  to  the  re- 
sulting solution  of  magnesium  chloride  and  chlorate.  The  liquor, 
after  filtering  from  precipitated  carbonate,  is  boiled  down,  the 
sodium  chloride  fished  out  as  it  separates,  and  the  sodium 
chlorate  purified  by  recrystallisation.  In  Pechiney's  process  the 
solution  of  calcium  chlorate  and  chloride  obtained  by  passing 
chlorine  into  hot  milk  of  lime  is  evaporated  down  and  as  much 
as  possible  of  the  calcium  chloride  removed  by  crystallisation, 
the  liquid  being  then  decomposed  with  salt-cake : 

CaCU  +  Ca(C103).2  +  2Na2SO,  =  2CaS0,  -f  2NaCl  +  2NaC103. 

According  to  the  process  of  Best  ^  it  is  manufactured  also  by 
acting  with  chlorine  on  a  solution  of  sodium  carbonate  or 
bicarbonate  at  temperatures  not  exceeding  35°,  the  reaction 
being  probably : 

SNa^COa  +  3CI2  =  NaClOg  +  5NaCl  +  SCO^. 

It  is  also  prepared  by  the  electrolysis  of  the  chloride  in  a  similar 
manner  to  the  potassium  salt. 

Sodium  chlorate  is  dimorphous,  crystallising  in  combinations 
of  the  cube  and  tetrahedron  showing  also  tetartohedral  faces 
(Class  28,  p.  201),  or  in  rhombohedral  forms  of  the  hexagonal 
system.  It  has  a  sp.  gr.  of  2-29,  and  becomes  damp  when  kept 
exposed  to  air.  It  is  much  more  soluble  in  water  than  the 
potassium  salt,  100  parts  of  water  dissolving  according  to 
Kremers : 

At  0°        20°        40°  60°  80°  100°        120° 

Parts  of  NaClOg    81-9    99    123-5    147-1    175-6    2326  333-3. 

It  dissolves  readily  also  in  warm  alcohol. 

Sodium  chlorate  melts  at  302°  (Carnelley),  248°  (Retgers), 
and  is  then  for  the  most  part  converted  into  sodium  chloride 
and  perchlorate,  with  evolution  of  only  a  small  quantity  of 
oxygen  (Schlossing).  It  is  used  chiefly  in  the  manufacture 
of  aniline  black,  its  greater  solubility  making  it  more  suitable 
for  this  purpose  than  the  potassium  salt. 

^  J.  Soc.  Chem.  hid.,  1895,  14,865.  See  also  Grossmann,  J.  Soc.  Chem. 
Ind.,  1896,  15,  158. 
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Sodium  Perchlorate,  NaClO^,  is  prepared  by  heating  the 
chlorate  or  by  neutralising  perchloric  acid  with  soda.  It  is 
very  soluble  in. water,  from  which  it  crystallises  at  the  ordinary 
temperature  in  long  pointed  plates  containing  one  molecule  of 
water,  and  at  50°  in  anhydrous  rectangular  prisms.^  It  occurs 
in  small  quantities  in  Chili  saltpetre. 


Sodium  and  Sulphur. 

138  Sodium  Sulphides. — These  compounds  are  prepared  in  a 
similar  manner  to  the  corresponding  potassium  salts  (p.  337), 
which  they  closely  resemble.  The  monosulphide,  NagS,  crys- 
tallises with -91120  at  ordinary  temperatures;  hydrates  with 
6H2O  and  with  S^HgO  are  formed  from  solutions  above  48.°  ^  The 
hydrosulphide,  NaHS,  crystallises  with  2H2O  and  3Hfi,  and 
is  also  obtained  as  an  anhydrous  powder  by  heating  the  sulphide 
at  310°  in  a  current  of  hydrogen  sulphide.^  The  only  crystalline 
polysulphide  which  has  been  obtained  has  the  formula 
Na^Sg,14H20,  although  there  is  evidence  that  lower  poly- 
sulphides  are  formed  by  the  direct  union  of  sodium  or  sodium 
sulphide  with  sulphur.* 

The  sulphides  NajS  and  Na.^Sg  have  been  obtained  also  by 
the  action  of  sulphur  on  a  solution  of  sodium  in  liquid  ammonia, 
and  the  selenides,  Na^Se,  Na^Se^,  and  tellurides,  Na,Te,  NajTeg, 
are  formed  in  a  similar  manner.^  Sodium  sulphide  is  prepared 
on  the  large  scale,  and  used  in  the  manufacture  of  soluble 
soda-glass. 

Sodium  Hyposulphite,  Na^S^O^.— This  salt,  the  formation  and 
preparation  of  which  have  already  been  discussed  (Vol.  I., 
p.  448),^  is  used  by  the  dyer  and  calico  printer  as  a  reducing 
agent  for  indigo,  and  is  also  employed  in  the  laboratory  for  the 
purpose  of  estimating  free  oxygen  or  the  quantity  of  that 
element    contained    in    substances   from   which   it   is   readily 

'  Potilitzin,  J.  Buss.  Phys.  Chem.  Soc,  1889,  i.  258. 

"  Parravano  and  Fornaini,  Atfi.  Ji.  Accad.  Lincei,  1907  (v.),  16,  ii.  464. 

'  German  Patent,  194881. 

*  Bloxam,  Jouni.  Chem.  Soc,  1900,  67,  761  ;  Locke  and  Austell,  Amer. 
Chem.  J.,  1898,  20,  592  ;  Blanksma,  Proc.  K.  Akad.  Weiensch.  Amsterdam, 
1901,3,457. 

5  Hugot,  Gompt.  rend.,  1899,  129,  299,  388. 

8  See  also  Bidl.  Soc.  Ind.  Mtdhouse,  1904,  74,  348  ;  Ber.,  1905,  38,  1048  ; 
Jellinek,  Zeif.  anory.  Chem.,  1911,  70,  93. 
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evolved.  It  has  been  obtained  also  by  the  direct  action  of 
sulphur  dioxide  on  sodium  hydride  ^  according  to  the  equation  : 

2NaH  +  2SO2  =  Na2S20,+ H,. 
According  to  Binz  ^  and  to  Reinking,  Dehnel,  and  Labhardt,^ 

0 

II 
/SNa 
this  salt  has  the   constitutional    formula   0(  ,  which   re- 

\SNa 

^\ 
O     0 

presents  it  as  an  anhydro-salt  of  sulphurous  acid,  H'SOgOH, 
and  of  the  hypothetical  sulphoxylic  acid,  H-SO'OH.  This 
constitution  is  confirmed  by  its  behaviour  to  organic  reagents.* 

Normal  Sodium  Sulphite,  Na^SOg. — The  anhydrous  salt  is 
obtained  as  a  crystalline  precipitate  by  heating  a  cold  saturated 
solution  of  the  hydrated  salt,  and  remains  unaltered  in  the  air. 
The  hydrate  Na2S03,7H20  is  prepared  by  saturating  a 
solution  of  a  known  quantity  of  sodium  carbonate  with  sulphur 
dioxide,  and  then  adding  the  same  quantity  of  sodium  carbonate. 
The  crystals  which  are  deposited  are  transparent  monoclinic 
prisms,  which  lose  the  whole  of  their  water  at  150°.  The 
anhydrous  salt  crystallises  in  short  hexagonal  prisms.^  The 
solution  has  an  alkaline  reaction  and  sharp  taste.  Crystals 
of  the  hydrate  Na2SO3,10H2O  are  obtained,  according  to 
Muspratt,  by  allowing  the  aqueous  solution  to  evaporate  over 
sulphuric  acid. 

The  solubility  of  the  anhydrous  salt  is  almost  independent  of 
the  temperature ;  100  parts  of  water  dissolve  2801  parts  at  37° 
and  28-26  parts  at  84°.  The  solubility  of  the  hydrate 
Na2S03,7H20  is  as  follows  : — 100  parts  of  water  dissolve '' — 

At  2°  10-6°        18-2°  29°  37-2° 

Parts  of  NagSOg     14-82     20-01     25-31     34-99      44-08 

The  transition  temperature  of  the  two  modifications  is 
about  22°.5 

Sodium  sulphite  is  used  as  an  "antichlor"  to  remove  any 

'  Moissan,  Compt.  rend.,  1902,  135,  647. 

2  Zeit.  Farb.  u.  Textil.  Ohem.,  4,  161.  '■*  Ber.,  1905,  38,  1075. 

■•  Ber.,  1906,  39,  .3317. 

'  Hartley  and  Barrett,  Jom-ii.  Chem.  Soc,  1909,  95,  1178. 
VOL.  II.  S 
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excess  of  chlorine  from  fabrics  which  have  been  bleached  with 
chloride  of  lime,  and  sometimes  also  as  an  antiseptic. 

Sodium  Hydrogen  Sulphite,  NaHSO^. — If  a  solution  of  sodium 
carbonate  is  saturated  with  sulphur  dioxide  whilst  cold,  this 
salt  separates  out  in  cloudy  crystals,  and  alcohol  precipitates  it 
from  aqueous  solution  as  a  white  powder.  It  has  an  acid 
reaction,  smells  of  sulphurous  acid,  and  has  an  unpleasant 
sulphurous  taste.  A  saturated  solution  of  this  salt  is  a  com- 
mercial article,  and  is  used  by  brewers  for  sterilising  their 
casks,  etc. 

Sodiiom  Bisulphite  or  Sodium  Metabisulphite,  NagSgOg,  or 
Na'SOj'O'SOj'Na,  is  obtained  by  supersaturating  a  soda  solu- 
tion with  sulphur  dioxide,  and  may  be  prepared  on  the  large 
scale  by  passing  sulphur  dioxide  into  dry  monohydrated  sodium 
carbonate,  NagCOajH^O.^  It  is  a  white  crystalline  soluble 
salt,  which  gradually  evolves  sulphur  dioxide  in  the  air  and  is 
converted  into  sodium  sulphate. 

139  Normal  Sodium,  Sulphate,  NagSO^. — This  compound  is 
commonly  known  in  the  anhydrous  state  by  the  commercial 
name  of  Salt-cake,  whilst  the  hydrate,  Na2SO^,10H2O,  is 
called  Glauber's  salt.  We  find  the  first  mention  of  this  salt 
in  Glauber's  work,  De  naturd  salium,  published  in  1658.  He 
obtained  it  as  the  residue  left  in  the  preparation  of  hydro- 
chloric acid  by  the  action  of  oil  of  vitriol  upon  common  salt, 
and  believed  this  simple  aperient  to  be  possessed  of  most 
valuable  medicinal  properties,  whence  it  came  to  be  known  as 
Sal  ■inirahile  Glauberi. 

The  salt  occurs  native  in  the  anhydrous  condition  as  th^nar- 
dite,  and  in  solution  in  sea-water  and  in  the  water  of  salt-lakes, 
as  well  as  in  large  quantities  in  certain  mineral  springs.  Thus 
the  water  at  Friedrichshall  contains  large  quantities  of  the  salt, 
which  since  1767  has  been  obtained  by  evaporation  and  used 
in  medicine  as  Sal  aperitivum  Fridericianum.  A  native  com- 
pound of  sodium  sulphate  with  calcium  sulphate,  NaaSO^jCaSO^, 
termed  glauberiie,  is  also  found  in  several  localities. 

Sodium  sulphate  is  prepared  on  an  enormous  scale  as  salt- 
cake,  the  first  step  in  the  manufacture  of  carbonate  of  soda  by 
the  Leblanc  process,  about  360,000  tons  of  salt-cake  being 
annually  produced  at  present  (see  p.  288).  For  this  purpose 
common  salt  is  decomposed  either  by  sulphuric  acid  or  by  the 

1  Carey  and  Hurter,  Patent  4512,  Nov.   1882  ;  /.  Soc.  Chem.  Ind.,  1883,  2, 
349. 
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combined  action  of  sulphur  dioxide,  air,  and  aqueous  vapour. 
The  details  of  these  processes  will  be  described  under  the  head 
of  the  alkali  manufacture. 

Sulphate  of  sodium  is  also  obtained  as  a  residue  in  many 
chemical  operations,  especially  in  the  preparation  of  nitric  acid 
from  Chili  saltpetre  in  the  sulphuric  acid  manufacture. 

If  ordinary  Glauber's  salt  is  allowed  to  remain  exposed  to  the 
air,  or  more  quickly  if  heated,  the  anhydrous  salt  is  obtained ; 
and  if  a  solution  of  Glauber's  salt  saturated  at  about  35°  is 
slightly  heated,  rhombic  crystals  of  the  anhydrous  salt  separate 
out.  These  are  identical  in  form  with  crystals  of  thenardite, 
and  isomorphous  with  those  of  silver  sulphate,  Ag2S0^.  It  has 
a  specific  gravity  of  2'655,  melts  at  883°,^  possesses  a  saline 
bitter  taste,  has  a  neutral  reaction,  and  does  not  dissolve  in 
alcohol.  When  heated  on  charcoal  before  the  blowpipe  in  the 
reducing  flame,  sodium  sulphide  is  formed. 

One  hundred  parts  of  water  dissolve  the  following  quantities 
of  the  salt  calculated  as  anhydrous  sodium  sulphate  (Mulder^) . — 


At           0° 

10° 

20°              30°              34° 

40° 

Na^SO,     5-02 

9-00 

19-40      4000      5.5-00 

48-5 

At        50° 

60° 

70°          80°          90°        100° 

103-5 

NajSO,   46-7 

45-3 

44-4     43-7     43-1     42-5 

42-2 

The  saturated  solution  boils  at  103-5°  (Mulder),  101-9°  (Berkeley). 
The  abnormal  solubility  of  this  salt  has  already  been  discussed 
(p.  113). 

Hydrated  Sodium  Sulphate. — The  decahydrate,  Na2SO^,10H2O, 
commonly  known  as  Glauber's  salt,  crystallises  from  aqueous 
solution  at  the  ordinary  temperature  in  large  colourless  mono- 
clinic  prisms,  which  are  isomorphous  with  chromate  and 
selenate  of  sodium.  These  crystals  effloresce  on  exposure  to  dry 
air,  melt  in  their  water  of  crystallisation  at  32-48°,  and  lose  the 
whole  of  it  below  100°. 

The  Hepta-hydrated  Salt,  'i^&^^0^,1B.^0,  is  deposited  in 
hard,  clear,  rhombic  crystals  when  a  supersaturated  solution  of 
the  decahydrate  is  allowed  to  cool  below  12°,  or  when  such  a 
solution  is  covered  with  a  layer  of  warm  alcohol  of  specific 
gravity  0-835.3 

1  Nacken,  Chem.  Genlr.,  1908,  i.  1850. 

''  Compare  Berkeley,  Phil.  Trans.,  1904,  A.  203,  209. 

3  Compare  Hartley,  Jones  and  Hutchinaon,  Journ.  Chem.  Soc,  1908,  93, 
825  ;  Gernez,  Compt.  rend.,  1909,  149,  77  ;  Smits  and  Wuite,  Proc.  K.  Akad. 
iVetensch.  Amsterdam,  1909,  12,  244. 
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Sodium  Hydrogen  Stdijhcde,  NaHSO^. — This  salt,  commonly 
known  as  bisulphate  of  soda,  is  obtained  in  large  triclinie 
prisms  when  equivalent  quantities  of  sodium  sulphate  and  sul- 
phuric acid  are  dissolved  in  water  and  the  solution  evaporated 
at  a  temperature  above  50°.  Like  the  corresponding  potassium 
salt  it  is  decomposed  by  alcohol  at  once  into  sulphuric  acid  and 
the  normal  salt.  A  hydrated  salt,  NaHSO^.HgO,  is  also 
known,  as  well  as  a  salt  of  the  formula  Na3H(S04)2,  which  crys- 
tallises in  lustrous  needles.^ 

Sodium  Disidphate,  Na^SjO^,  is  formed  by  heating  sulphur 
trioxide  together  with  common  salt  (Rosenstiel) : — 

2NaCl  -j-  3SO3  =  Na^SgOy  -f-  SO^Cl^. 

The  same  compound  is  formed  by  the  gentle  ignition  of  sodium 
hydrogen  sulphate.  When  more  strongly  heated,  it  yields  sulphur 
trioxide  and  normal  sulphate. 

Sodium  Thiosulphate,  NagSgO^. — This  salt,  discovered  in 
1799  by  Chaussier,  and  still  commonly  known  by  its  old 
name  of  hyposulphite  of  soda,  is  prepared  on  the  large,  scale  for 
use  as  an  antichlor  in  the  paper  manufacture,  and  as  a  solvent 
for  the  unaltered  silver  bromide  in  photography.  It  is  obtained 
by  boiling  sulphur  with  soda-lye,  and  passing  sulphur  dioxide 
into  the  yellow  solution  until  it  is-  colourless,  or  by  boiling 
sodium  sulphite  with  sulphur.  A  cheaper  process  is  to  decom- 
pose the  soluble  calcium  thiosulphate  obtained  by  the  oxidation 
of  alkali  waste,  either  by  means  of  sodium  carbonate  or  sodium 
sulphate.  The  solution  of  sodium  thiosulphate  is  drawn  off 
from  the  carbonate  or  sulphate  of  calcium  and  evaporated  down 
in  iron  pans.  Anhydrous  sodium  thiosulphate  is  obtained  by 
passing  oxygen  or  air  over  anhydrous  sodium  sulphide  at 
100°-150°.2 

Sodium  thiosulphate  forms  large  transparent  prisms  belong- 
ing to  the  monoclinic  system,  which  contain  5H2O.  The  salt  is 
odourless,  possesses  a  cooling  taste,  and  does  not  exhibit  an 
alkaline  reaction,  nor  does  it  undergo  alteration  in  the  air. 
The  crystals  melt  in  their  own  water  at  48'5°,  and  when  heated 
to  215°  all  the  water  is  driven  off,  whilst  at  220°  they  decom- 
pose with  separation  of  sulphur  (Pape).  The  salt  has  a  specific 
gravity  of  1'672,  is  very  soluble  in  water,  in  which  it  readily 
forms  supersaturated  solutions,  but  does  not  dissolve  in  alcohol. 

Sodium  thiosulphate  forms  a  large  number  of  hydrates,  and  the 
'  U'Ans,  Ber.,  1906,  39,  1534.  2  German  Patent,  194882. 
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equilibrium  curve  of  this  substance  and  water  is  very  complex.^ 
The  ordinary  pentahydrate  is  stable  in  contact  with  water  at 
all  temperatures  up  to  48'2° ;  from  this  point  to  65°  the 
dihydrate  is  stable,  and  above  70°  the  anhydrous  salt.  Isomeric 
hydrates  with  SHjO  and  2H2O  also  exist  as  well  as  hydrates  with 
6H2O,  4H2O,  1  iH^O,  4/3H2O,  IH2O  (3  isomerides),  and  IH^O. 

The  aqueous  solution  cannot  be  preserved  for  any  length  of 
time  without  decomposition,  as  it  very  slowly  deposits  sulphur 
and  is  partially  converted  into  sulphite.     Sodium  thiosulphate 

is  represented  by   the   formula^  SOg^  qtvj  ■      When   treated 

with  sodium  amalgam  it  yields  sodium  sulphite  and  sodium 
sulphide : — 

NaaSPs  +  2Na  =  Na^SOg  +  Na^S. 

It  is  acted  upon  by  iodine  in  aqueous  solution  at  the  ordinary 
temperature  with  formation  of  sodium  tetrathionate : — • 

2Na2S203  + 13  =  2NaI  +  NagS^Ot;, 

and  is  largely  employed  in  volumetric  analysis  in  association 
with  the  estimation  of  iodine.  Ferric  salts  also  convert  it  into 
tetrathionate.^ 

Sodium  and  Nitrogen. 

140  Sodamide,  NaNHa- — This  compound,  discovered  by  Gay- 
Lussac  and  Thenard,  is  prepared  by  passing  dry  ammonia  gas 
over  sodium  heated  to  300-400°  in  an  iron  retort,  and  forms  a 
waxy  mass  of  crystalline  structure,  which  is  white  when  piire 
but  frequently  has  a  greenish  or  olive-brown  colour.*  It  softens 
at  149°  and  melts  at  155°,  and  at  a  temperature  of  500-600° 
slowly  decomposes  into  its  elements,  but  does  not,  as  stated  by 
Gay-Lussac  and  Thenard,^  yield  a  nitride  of  the  formula  NagN. 
When  heated  in  a  current  of  carbon  dioxide  sodamide  glows  with 
formation   of  caustic   soda   and   cyanamide,  and   on   warming 

1  Taylor,  Proc.  Roy.  Soc,  Edin.,  1898,  22,  248;  Young  and  Mitchell, 
/.  Amer.  Chem.  Soc,  1904,  26,  1389,  1413;  Young  and  Burke,  /.  Amer. 
Chem.  Soc,  1906,  28,  315  ;  Dawson  and  Jackson,  Jotirn.  Chem.  Soc,  1907, 
91,  552;  Jones,  Md.,  1909,  95,  1672. 

2  Compare  Vol.  I.  p.  455  ;  also  Price  and  Twiss,  Journ.  Chem.  Soc,  190/, 
91,  2024. 

3  Hewitt  and  Mann,  Journ.  Chem.  Soc,  1913,  103,  324. 
"  Titherley,  Journ.  Chem.  Soc,  1894,  65,  504. 

5  See,  however,  Zehnder,  An7i.  Phya.  Chem.,  1894,  52,  56. 
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with  nitrous  oxide  it  is  converted  into  sodium  azoiniide  (Vol.  I., 
p.  519). 

Sodium  Azoimide,  NaN,,  forms  hexagonal  crystals  and  is 
readily  soluble  in  water.  It  can  be  kept  molten  for  some  hours 
without  decomposition.^ 

Sodium  Nitrite,  NaNOg,  is  formed  when  the  nitrate  is 
heated,  and  is  usually  manufactured  either  by  the  electrical 
oxidation  of  atmospheric  nitrogen  (Vol.  I.,  p.  547),  or  by  heat- 
ing sodium  nitrate  with  lead,  or  with  charcoal  or  sulphur  in 
presence  of  caustic  soda.^  To  obtain  the  pure  salt,  silver  nitrite 
is  treated  with  the  equivalent  amount  of  a  solution  of  sodium 
chloride,  or  nitrous  fumes  from  nitric  acid  and  starch  or  arsenious 
acid  are  passed  into  a  solution  of  caustic  soda  or  sodium  carbonate.^ 
The  salt  is  faintly  yellow,  melts  at  271°,  and  yields  a  yellow 
solution  in  water,  which  is  faintly  alkaline  to  litmus  (Divers),  but 
according  to  Boguski  the  pure  dry  salt  is  colourless.*  It  crystal- 
lises in  oblique  four-sided  prisms  or  transparent  rhombohedra, 
and  is  somewhat  hygroscopic ;  at  15°,  100  parts  of  water  dissolve 
83 '3  of  the  salt.  It  is  largely  used  in  the  preparation  of  the 
coal-tar  colours. 

141  Sodium  Niti'ate,  NaNOj. — This  salt,  commonly  known  as 
cubic  saltpetre  or  Chili  saltpetre,  is  of  special  historical  interest, 
as  it  was  by  the  examination  of  differences  in  crystalline  form 
exhibited  by  this  compound  and  ordinary  nitre  that  the  distinc- 
tion between  the  alkalis  potash  and  soda  was  first  observed  by 
Bohn  in  1683.  Boyle,  somewhat  later,  noticed  that  cubic  salt- 
petre was  formed  in  the  preparation  of  aqua  regia  from  common 
salt  and  nitric  acid,  and  Stahl  first  pointed  out  the  distinct 
character  of  the  alkali-basis  of  common  salt,  and  fully  described 
the  preparation  of  cubic  saltpetre. 

Sodium  nitrate  occurs  in  nature,  as  a  wide-spread  deposit  known 
as  "  Caliche "  in  the  rainless  districts  of  Tarapaca,  Peru, 
Northern  Chili,  and  Bolivia.^  In  these  beds  it  is  associated  with 
common  salt,  gypsum,  sodium  sulphate,  and  smaller  quantities  of 
sodium  iodate,  chlorate  and  perchlorate,  the  crude  material  con- 
taining from  27  to  65  per  cent,  of  the  pure  salt.  This  is 
purified  by  solution  and  crystallisation.     After  refining,  the  salt 

1  Curtius  and  Rissom,  /.  pr.  Ohem.,  1898  (2),  58,  261  ;  Dennis  and  Benedict, 
Zeit.  anorg.  Ghem.,  1898,  17,  18. 

2  See  Morgan,  J.  Soc.  Ghem.  Ind.,  1908,  27,  483. 

3  Divers,  Journ.  Ghem.  Soc,  1899,  75,  86. 

*  /.  Iluss.  Phyn.  Ohem.  Soc,  1899,  31,  543. 
^  See  Bryce's  South  America,  pp.  42,  208. 
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contains  about  97-7  per  cent,  of  pure  nitrate,  1-84  of  sodium 
chloride,  0-35  of  sodium  sulphate,  and  Oil  of  water.i 

The    best    mode    of    separating    the    last    2   per    cent,    of 
sodium  chloride  is  to  add  to  the  boiling  and  saturated  solution 
one-tenth  of  its  weight  of  nitric  acid,  stir  it  until  cool,  and 
collect  the  precipitated  nitrate,  which 
may  then  be  washed  by  a  dilute  acid 
and  afterwards  dried. 

Sodium  nitrate  crystallises  in  obtuse 
rhombohedra,^  whose  interfacial  ter- 
minal edge  angle  is  106°  36'  (Fig.  83), 
and  is  therefore  isogonous  with  calc- 
spar. 

The  specific  gravity  of  the  salt  is 
2'26.  It  melts  without  decomposition  at  316-318°  (Carnelley), 
and  when  ignited  undergoes  decomposition  with  evolution  of 
oxygen,  nitrogen,  and  nitrous  fumes.  It  is  very  soluble  in 
water  and  deliquesces  when  exposed  to  moist  air.  One  hundred 
parts  of  water  dissolve :  ^ 


At 

0° 

10' 

20° 

40° 

60° 

80° 

100° 

119° 

'arts 

73 

80-5 

88 

104-9 

124-6 

148 

175-5 

208-8 

The  solution  containing  58-5  of  the  salt  to  100  of  water 
solidifies  at  —18-5°,  and  the  saturated  solution  boils  at  119". 

This  salt  dissolves  also  in  dilute  alcohol.  One  hundred  parts 
of  spirit,  containing  61-4  per  cent,  of  alcohol,  dissolve  at  26° 
21-2  parts  of  sodium  nitrate.  It  does  not  deflagrate  so 
violently  as  nitre  with  charcoal  or  other  inflammable  bodies, 
but  it  has  sometimes  been  used  for  making  blasting  and  other 
powders  which  are  not  required  to  fire  quickly. 

Sodium  nitrate  is  used  in  considerable  quantities  for  the 
manufacture  of  nitric  acid  and  also  of  sulphuric  acid,  but  much 
the  largest  quantity  is  employed  as  a  manure,  since  it  readily 
yields  up  its  nitrogen  to  plants  growing  in  soil  where  it  is 
present.  This  salt  and  ammonium  sulphate  are  by  far  the 
most  important  sources  of  nitrogenous  manure.  In  1860  the 
output  of  the  crude  nitrate  from  South  America  was  over  60,000 

1  Compare  Newton,  /.  Soc.  Chem.  Ind.,  1900,  19,  408. 

2  S6narmont,  Compt.  rend.,  1854,  38,  105 ;  Barlow  and  Pope,  Journ.  Chem. 
Soc,  1908,  93,  1538. 

^  Berkeley,    Phil.    Trans.,    1904,    A.  203,  211  ;  Miers  and  Isaac,   Journ. 
Chem.  Soc,  1906,  89,  428. 
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tons,  and  has  greatly  increased   since   that  date,  being  about 
764,000  tons  in  1888,  and  2,500,000  tons  in  1912. 


Sodium  and  Phosphorus. 

142  Sodium  Phosphide,  NajP. — Sodium  dissolved  in  liquid 
ammonia  reacts  with  red  phosphorus  to  form  a  red  compound, 
Na^HgPg,  which  loses  phosphine  when  heated  and  is  decomposed 
by  water  and  acids  with  evolution  of  phosphine.^  Phosphine 
also  reacts  with  sodium  in  presence  of  liquid  ammonia  forming 
the  compound,  NaHjP,  which  is  converted  by  heat  into  the 
phosphide,  NagP.  This  is  decomposed  by  water  yielding 
phosphine.^  An  unstable  phosphide,  NagPj,  is  formed  when 
sodium  and  phosphorus  are  heated  together  in  a  vacuum  at 
450°  for  several  days.^ 

Sodium  Hypophosphite,  NaHgPOjjHgO. — This  salt  is  ob- 
tained by  adding  sodium  carbonate  to  a  solution  of  calcium 
hypophosphite,  and  allowing  the  solution  to  evaporate  in  a 
vacuum.  Pearly  tabular  crystals  are  deposited,  which  deliquesce 
on  exposure  to  the  air,  and  are  readily  soluble  in  absolute  alcohol. 
It  is  now  employed  in  medicine  for  the  same  purposes  as 
phosphorus. 

Sodium  Orthophosphates. — As  orthophosphoric  is  a  tribasic 
acid,  three  sodium  salts  exist  in  which  one,  two,  or  three  atoms 
of  the  hydrogen  in  the  acid  are  replaced  by  metal : — 

(1)  Trisodium  or  normal  sodium  orthophosphate,  NagPO^, 
I2H2O. 

(2)  Hydrogen  disodium  orthophosphate,  Na2HPO^,12H20. 

(3)  Dihydrogen  sodium  orthophosphate,  NaH2PO^,4H20. 
These  all  give  yellow  precipitates  of  trisilver  phosphate,  AggPO^, 
when  their  solutions  are  brought  into  contact  with  silver 
nitrate.     (Vol.  I,  p.  662.) 

Normal  Sodium  Orthophosphate,  NagPO^. — This  salt,  first  de- 
scribed by  Thomson  *  as  phospho-carbonate  of  soda,  is  prepared 
by  adding  in  the  form  of  caustic  soda  at  least  half  as  much 
sodium  as  it  already  contains  to  a  solution  of  the  next  salt, 
common  sodium  phosphate,  and  evaporating  to  the  point  of 
crystallisation.     The  hydrated  salt  crystallises  out,  the  mother- 

1  Hugot,  Compl.  rend..  1895,  121,  206  ;  1898,  126,  1719. 

2  Joannis,  Gonipt.  rend.,  1894,  119,  557. 

•*  Hackspill  and  Bossuet,  Compt.  rend.,  1912,  154,  209. 
Ann.  Phil.,  1825,  26,  .381. 
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liquor  retaining  the  excess  of  caustic  soda.  The  crystals  freed 
from  the  liquor  are  rapidly  dissolved  in  twice  their  weight 
of  hot  water,  the  liquid  filtered,  and  then  left  to  crystallise 
(Graham).  The  anhydrous  salt  may  be  obtained  by  fusing 
common  sodium  phosphate  or  pyrophosphate  with  an  excess 
of  sodium  carbonate.  The  pyrophosphate  is  not  altered  by 
boiling  with  caustic  soda  (Graham). 

The  crystals,  containing  1 211^0,  form  thin  six-sided 
prisms,  which  do  not  change  on  exposure  to  air,  and  have  a 
specific  gravity  of  1-618.  They  melt  at  73-3°,  and  at  100°  lose 
all  but  one  molecule  of  water,  which  is  given  off  at  a  red  heat. 
100  parts  of  water  at  ]5-5°  dissolve  ]9'6  parts  of  the  hydrated 
salt  (Graham),  and  the  solution  is  strongly  alkaline  to  litmus. 
A  hydrate  with  THjO  has  also  been  described.^ 

Di-sodium  Hydrogen  Oi'thophosphate,  NagHPO^. — This  salt  is 
the  common  phosphate  of  soda,  which  was  first  prepared  from 
urine,  and  described  in  1740  by  Haupt  under  the  name  of 
sal  mirabile  perlatum.  It  was  afterwards  obtained  by  neutralis- 
ing phosphoric  acid  with  soda,  and  in  1787  was  introduced  as  a 
medicine  by  Pearson.  It  occurs  in  the  blood  of  animals,  and 
especially  in  the  urine  of  the  carnivora.  It  is  best  prepared  from 
bone  phosphoric  acid  by  adding  sodium  carbonate  so  long  as 
effervescence  occurs.  The  precipitated  phosphates  of  calcium 
and  magnesium  are  then  filtered  off,  and  the  liquid  is  boiled  down 
and  allowed  to  crystallise.  The  large  transparent  crystals 
obtained  are  monoclinic  prisms  containing  I2H2O.  They 
have  a  specific  gravity  of  1-525,  melt  at  36-45°  (Shiomi),  and 
are  isomorphous  with  the  corresponding  sodium  hydrogen 
arsenate  Na3HAs04,12H20.  Exposed  to  air,  the  crystals 
effloresce,  but  do  not  lose  their  form. 

The  following  is  the  solubility  of  the  anhydrous  salt  in  100 
parts  of  water : 

At  10-26°        25-15°         40-29°         60-23°  99  77° 

Na^HPO,       3-55       12-02       54-88       83-00       10215 

There  are  three  breaks  in  the  solubility  curve,  at  36-45°,  48° 
and  95-2°  respectively  ;  the  first  corresponds  with  the  transition 
from  the  hydrate  with  I2H2O  to  one  with  7H2O,  the  second 
with  that  from  the  latter  to  a  hydrate  with  2H2O,  and  the  third 
with  the  charge  from  the  dihydrate  to  the  anhydrous  salt.  The 
dihydrate  is  obtained  by  fusing  the  dodecahydrate  in  its  water 
1  Hall,  Joura.  Chem.  Soc,  1887,  51,  97. 


266  SODIUM 


of  crystallisation  and  evaporating  the  resulting  solution  at 
70'75° ;  the  anhydrous  salt  is  similarly  obtained  at  a  temperature 
of  about  995°.^     The  saturated  solution  boils  at  105°. 

This  salt  is  insoluble  in  alcohol ;  it  possesses  a  cooling  saline 
taste,  and  turns  red  litmus  solution  blue.  The  solution  is 
usually  faintly  alkaline  to  phenolphthalein ;  this  alkalinity  is 
ascribed  by  Geissler'''  to  the  presence  of  sodium  carbonate, 
whereas  according  to  Brunner  ^  it  is  a  property  of  the  pure  salt. 

Common  sodium  phosphate  is  used  as  a  mild  purgative.  The 
commercial  salt  frequently  contains  sodium  sulphate  as  an 
impurity,  which  can  be  removed  by  recrystallising  the  phosphate 
from  hot  water. 

Di-hydrogen  Sodium  Phosphate,  NaHgPOj. — To  prepare  this 
salt  phosphoric  acid  is  added  to  a  solution  of  common  sodium 
phosphate,  until  the  mixture  no  longer  precipitates  barium 
chloride.  It  is  then  evaporated  to  a  small  bulk,  and  allowed  to 
stand  for  some  days  to  crystallise  (Mitscherlich).  This  salt  is 
dimorphous,  two  kinds  of  large  transparent  crystals  separating 
out,  containing  one  molecule  of  water ;  according  to  Mitscherlich, 
both  are  forms  of  the  rhombic  system,  but  according  to  Joly  and 
Dufet,  one  of  the  varieties  is  monoclinic*  Hydrates  with  2H2O 
and  4H2O  are  also  known.^ 

The  crystals  have  an  acid  reaction,  and  a  specific  gravity  of 
2'04.  They  lose  all  their  water  of  crystallisation  at  100°,  and 
at  204°  lose  the  elements  of  water  (Graham)  with  formation  of 
acid  pyrophosphate  : 

2NaH2PO,  =  NaaH^PaOj  +  Hp. 

At  240°  they  give  off  the  whole  of  their  water  and  form  mono- 
metaphosphate : 

NaHgPO,  =  NaPOg  +  B.f). 

Di-hydrogen  sodium  phosphate  is  very  soluble  in  water,  but 
not  in  alcohol.  The  solution  is  acid  to  litmus  and  phenol- 
phthalein, but  neutral  to  methyl  orange. 

Various  double  salts,  such  as  NaH5(POj2''  and  Na3H3(PO^)2,'' 
are  also  known. 

1  Shiomi,  Mem.  Roll.  Sci.  Eng.  Kyoto,  1908,  1,  406;  Kitawaki,  ibid., 
1909-10,  2,  237. 

2  Zeit.  anal.  Ohcm.,  1898,  37,  323.  ■*  Ibid.,  1898,  37,  740. 
■*  Gompt.  rend.,  1886,  102,  1.391. 

"  Imadsu,  Mem.  Koll.  Sci.  Eng.  Kyoto,  1912,  3,  257. 

8  Giran,  Compt.  rend.,  1902,  134,  711. 

''  Senderens,  Compt.  rend.,  1902,  134,  713. 


SODIUM  PYROPHOSPHATES  267 


Sodium  Pyrophosphates. — These  salts  are  tetrabasic,  and  give 
with  silver  nitrate  a  white  precipitate  of  silver  pyrophospate, 
Ag^PgO^;  they  do  not  coagulate  albumen,  and  their  solutions 
when  boiled  with  an  acid  yield  the  salts  of  the  tribasic  ortho- 
acid. 

Normal  Sodium  Pyrophosphate,  Na^PgOjjlOHgO. — This  salt 
is  obtained  in  the  anhydrous  state  as  a  colourless  glassy  mass 
by  igniting  common  sodium  phosphate.  When  it  is  dissolved 
in  water,  and  the  solution  evaporated,  crystals  of  the  deca- 
hydrate  are  deposited  in  monoclinic  prisms.  The  solution  has 
an  alkaline  reaction.  It  is  not  converted  into  the  ortho-salt  by 
boiling  alone,  but  this  conversion  takes  place  rapidly  on  addition 
of  an  acid,  even  acetic,  to  the  boiling  solution  (Stromeyer). 
When  gently  heated,  or  exposed  over  sulphuric  acid  in  a  vacuum, 
it  loses  all  its  water.  100  parts  of  water  dissolve  the  deca- 
hydrate  as  follows : 


At    0° 

10° 

20° 

30° 

40° 

50° 

60° 

80° 

100° 

5-41 

6-81 

10-92 

18-11 

24-97 

33-25 

44-07 

63-40 

93-11 

Bi-hydrogen  Sodium  Pyrophosphate,  Na2H2P20j. — -This  salt  is 
prepared  by  heating  common  sodium  phosphate  to  150°  with 
strong  hydrochloric  acid,  or  by  heating  sodium  di-hydrogen 
phosphate  to  a  temperature  of  190-204°,  as  already  ex- 
plained. It  may  be  prepared  also  by  dissolving  the  normal 
pyrophosphate  in  acetic  acid,  and  precipitating  the  solution 
with  alcohol ;  it  is  thus  obtained  as  a  white  crystalline  powder, 
which  dissolves  readily  in  water,  the  solution  having  an  acid 
reaction. 

Sodium  Metaphosphaies. — These  salts,  which  were  first  dis- 
covered by  Graham  (Vol.  I.,  p.  665),  exist  in  a  large  number 
of  modifications,  which  all  have  the  empirical  formula,  NaPOg, 
but  their  molecular  formula  is  probably  in  most  cases  some 
multiple  of  this.  Great  uncertainty  exists  as  to  the  true 
molecular  weights  of  the  various  salts. 

Sodium  Eexametaphosphate,  (NaP03)g,  the  most  important  of 
these  salts,  often  called  deliquescent,  vitreous,  or  Graham's 
metaphosphate,  is  prepared  by  heating  to  complete  fusion 
either  sodium  di-hydrogen  phosphate,  microcosmic  salt,i  or  acid 
sodium  pyrophosphate  (v.  Knorre),  and  also  in  a  similar  manner 
from  all  the  other  metaphosphates.  The  melted  mass  must  be 
quickly  cooled,  to  avoid  the  formation  of  the  tri metaphosphate. 
1  Graham,  Phil.  Trans.,  1833. 
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The  product  is  a  vitreous  mass,  which  dissolves  in  water  and 
alcohol,  the  solutions  having  a  slightly  acid  reaction. 

The  sarhe  salt  appears  to  be  formed  by  the  action  of  sodium 
sulphide  solution  on  the  lead  metaphosphate  prepared  by  heating 
lead  oxide  with  phosphoric  acid  and  fusing  the  resulting  salt  at 
a  temperature  above  400°  (Fleitmann's  tetrametaphosphate).^ 

The  solution  gradually  decomposes  with  formation  of  acid 
sodium  pyrophosphate. 

When  treated  with  ammonium  chloride  it  yields  a  salt  having 
the  formula  Na(NH ^^(POg)^,  and  hence  is  probably  a  hexameta- 
phosphate.  According  to  Tammann,^  it  is  a  mixture  of  at  least 
two  isomeric  hexametaphosphates. 

Insoluble  Sodium  Metaphosphate,  (NaP03)  — This  salt,  whose 
piolecular  weight  is  unknown,  but  which  is  usually  termed  the 
7nonometaphos2ohate,  is  obtained  by  heating  microcosmic  salt 
at  335°,  or  sodium  nitrate  with  a  slight  excess  of  syrupy 
phosphoi-ic  acid.  It  is  a  white  powder  almost  insoluble  in 
water,  but  soluble  in  dilute  acids,  which  is  converted  by  boiling 
caustic  soda  solution  into  sodium  orthophosphate.^ 

Sodmm  Dimdaphosphate,  (NaP03)2,2H20  (Fleitmanu). — This 
is  prepared  by  the  action  of  a  boiling  solution  of  sodium 
sulphide  on  copper  dimetaphosphate,  which  is  obtained  by 
heating  a  mixture  of  phosphoric  acid  with  a  copper  salt  or 
copper  oxide,  at  a  temperature  not  exceeding  448°.  It  dis- 
solves in  7-2  parts  of  water,  and  crystallises  in  slender  needles. 
It  has  a  strong  tendency  to  form  double  salts.* 

According  toTammann,it  has  the  molecular  formula  (NaP03)g, 
wliereas  Warschauer,^  from  the  determination  of  the  equivalent 
conductivity  at  different  concentrations,  concludes  that  this  salt 
is  in  reality  a  tetrametaphosphate,  the  hydrated  salt  having  the 
formula  (NaP03X,4H20. 

Sodium  Trimetaphosphate,  (NaP03)3,6H20.— Some  doubt  also 
exists  as  to  the  true  molecular  formula  of  this  salt.  From 
a  study  of  the  normal  salts  which  can  be  prepared  from  it, 
such  as  NaCa(P03)3,  Fleitmann  attributed  to  it  the  formula 
given  above,  but  Tammann  8  was  led  by  the  determination  of  the 

1  Warschauer,  Zeit.  anorij.  Chem.,  1903,  36,  188. 
-  /.  pr.  Chem.,  1892  (2),  45,  467. 
"  Maddrell,  Jonrii.  Chem.  8oc.,  1851,  373. 

*  Pofjf/.  Ann.,   1849,  78,   246;  Glatzel,   Diss.   Wiirzhurg,    1880;  quoted  by 
V.  Knorre,  Zeit.  anorg.  Chem.,  190(»,  24,  .369. 
'  Zeit.  anorg.  Chem.,  190.3,  36,  165. 
8  Zeit.  physikal.  Chem.,  1890,  6,  122  ;  /.  pr.  Chem.,  1892  (2),  45,  417. 
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freezing  point  and  electrical  conductivity  of  a  scries  of  solutions 
to  formulate  it  as  the  dinietaphosphate,  Fleituiann's  dimeta- 
phosphate  being  considered  on  similar  grounds  as  the  trimeta- 
phosphate.  v.  Knorre  ^  and  Wiesler,^  on  the  other  hand,  decide 
for  the  original  formula  from  the  determination  of  the  equivalent 
conductivity  at  various  concentrations. 

It  is  formed  when  microcosmic  salt  is  exposed  to  a  moderate 
heat  (Graham),  and  when  the  fused  hexametaphosphate  is 
allowed  to  cool  slowly.^ 

It  is  best  prepared  pure  by  heating  ordinary  sodium  phosphate 
with  one-third  of  its  weight  of  ammonium  nitrate  for  six  hours 
at  300°  and  recrystallising  the  product  (v.  Knorre). 

The  cold  solution  in  water  is  permanent,  and  neutral  both 
to  methyl  orange  and  phenolphthalein,  but  when  boiled  it 
gradually  becomes  acid  with  formation  of  sodium  di-hydrogen 
phosphate. 

In  addition  to  these  a  large  number  of  other  metaphosphates 
have  been  described,  namely,  tetra-,  penta-,  occo-,  deca-,  and 
tetrakaideca-metaphosphates,  having  the  general  formulae : 

(M'P03)„  (MTO3),,  (MT03)3,  (M'P03),o,  and  (MTO3),,. 


Sodium  and  Aesenic. 

143  Sodium  Arsenide,  AsNag,  is  prepared  by  heating  arsenic 
with  excess  of  sodium  and  removing  the  latter  by  liquid  anmionia. 
It  forms  small  black  crystals.*  The  compound  AsNa3,NH3, 
which  forms  brick-red  crystals,  is  also  known.^ 

Sodium  Arsenates. — These  salts  closely  resemble  the  corre- 
sponding phosphates,  with  which  they  are  isomorphous.  The 
normal  arsenate,  Na3As04,12H20,  is  soluble  to  the  extent  of 
26-7  parts  in  100  of  water  at  17°,  and  melts  at  85-.5° ; 
Na.2HAsO^,12B[.20,  is  efflorescent,  crystallises  from  solutions 
below  8°,  melts  at  28°,  and  has  a  solubility  of  56  parts  in  100  of 
water  at  14°.  A  second,  well-defined  hydrate,  Na2HAs04,7H20, 
which  crystallises  from  solutions  at  15°-20°,  is  quite  stable 
under  normal   conditions ;    the    crystals  begin  to   lose  water 

1  Zeit.  anorg.  Chem.,  1900,  24,  369.  ^  Ihid.,  1901,  28,  177. 

3  Fleitmann  and  Henneberg,  Annalen,    1848,  65,   .307  ;  Tanatar,  /.  Jiuss. 
Phys.  Chem.  Soc,  1898,  30,  99. 
■■  Lebeaii,  Compt.  rend.,  1900,  130,  502, 
^  Hiigot,  Compt.  rend.,  1898,  127,  S.-JS. 


270  SODIUM 


at  30°,  melt   at    5T'',  and  are  completely  dehydrated  at    120^ 
The  anhydrous  salt  is  readily  soluble  in  water,  100  parts  of 
water  dissolving  61  parts  at  15°;  at  180°,  it  is  rapidly  converted 
into  the  pyroarsenate,  Na^AsgOj.^      The  dihydrogen  arsenate, 
NaHgAsO^.HjO,  is  also  readily  soluble.     An  impure  arsenate  of 
sodium  is  prepared  on  the  large  scale  by  dissolving  arsenious 
oxide  in  caustic  soda,  and  adding  sodium  nitrate ;  the  solution 
is  boiled  down,  and  the  residual  mass  heated  in  a  furnace  until 
it  appears  to  be  perfectly  dry.     This  product  is  largely  used  in 
calico-printing  as  a  substitute  for  cow-dung,  which  was  formerly 
employed  in  clearing  the  cloth  after  mordanting.     The  mordant 
consists  of  a  solution  of  acetate  of  either  aluminium  or  iron,  and 
the   cloth,   after  having   been    printed   with  these   mordants, 
is  hung  up  and  exposed  to  air.     In  this,  which  is  termed  the 
ageing  process,  a  portion  of  the  acetic   acid  evaporates,  leaving 
basic   acetates   of  iron  and  aluminium  firmly  attached  to  the 
fibre  of  the  cloth.     A  portion  of  these  salts  is,  however,  mixed  up 
with  the  thickening  or  starch  which  must   be   added   to   the 
mordant  in  order    that  the    impression    shall    be    sharp.      To 
remove  this  excess  of  unfixed  mordant,  the  cloth  is  subjected  to 
a  peculiar  treatment  termed  the  dunging  process.    For  this  pur- 
pose it  will  not  answer  merely  to  wash  the  cloth  in  pure  water, 
because  the  soluble  portion  of  the  mordant  is  then  removed 
from   the   printed    pattern,   but  attaches    itself  again    to    the 
unmordanted  cloth,  which  it  is  intended  should  remain  white. 
Long    ago  it   was   observed   by  the  native    dyers  and  calico- 
printers  in  India  that  if  cow-dung  be  added  to  the  wash  water 
the  excess  of  mordant  can  be  removed  without  any  staining  of 
the  cloth  occurring.     The  action  of  the  cow-dung  in  this  process 
has  not  yet  been  satisfactorily  explained,  but  experience  has 
shown  that  sodium  arsenate  solution  acts  in  a  similar  way,  and 
at  the  present  time  the  old  process  is  generally  superseded  by 
the  use  of  what  is  known  in  the  trade  as  "  dung  substitute." 

Borates  of  Sodium. 

144  Sodium  Orthoborate,  NagBOa. — When  boron  trioxide  is 
fused  with  excess  of  caustic  soda,  three  molecules  of  water  are 
expelled  and  the  ortho-salt  remains  :  ^ 

B2O3  -1-  6NaOH  =  2Na3B03  -|-  SH^O. 

I  Wulff,  Apoth.  Zeit.,  1906,  20,  1025. 
''  Bloxam,  Journ.  Chem.  Soc,  1862,  143. 
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This  salt  is  very  unstable ;  indeed  it  cannot  exist  in  solution, 
for  when  dissolved  in  water  it  is  transformed  into  a  hydrated 
metaborate. 

Sodium  Pyrohorate,  or  Borax,  Na2B^07.— The  history  of  this 
the  most  important  of  the  borates  is  lost  in  obscurity.  It  has 
already  been  stated  under  boron  (Vol.  I,  p.  714)  that  in  the 
works  of  the  Latin  Geber  the  word  borax  or  baurach  occurs, 
but  whether  or  not  this  indicated  the  substance  which  we 
now  call  by  that  name  is  a  mere  matter  of  speculation. 
Even  up  to  the  end  of  the  seventeenth  century  nothing  certain 
was  known  either  as  to  the  source  or  the  composition  of  borax, 
which  was  used  as  a  flux,  and  which  was  early  brought  into 
European  markets  by  the  Venetians.  It  was  not  until  1747 
that  an  exact  knowledge  of  its  composition  was  arrived  at,  when 
Baron  pointed  out  that  borax  consists  of  a  compound  of  boric 
acid  (then  called  sedative  salt)  and  soda. 

Before  the  discovery  of  the  boric  acid  lagoons  (Vol.  I.,  p.  724) 
the  boric  acid  of  commerce  was  obtained  from  Asiatic  tincal, 
which  is  a  crude  decahydrate  of  borax,  NagB^O^jlOHjO,  and 
occurs  native  in  Tibet.  Since  then  tincal  has  been  found  in 
immense  deposits  in  North  America,  these  being  generally  the 
bottoms  of  lakes  which  have  dried  up  more  or  less  completely, 
and  large  quantities  are  now  put  on  the  market  from  this 
source,  the  crude  product  simply  requiring  recrystallisation. 

A  large  proportion  of  the  borax  used  in  Europe  is  still  made 
from  Tuscan  boric  acid,  which  is  fused  with  half  its  weight  of 
soda-ash  in  a  reverberatory  furnace,  the  product  being  lixiviated 
with  hot  water,  and  the  borax  allowed  to  crystallise.  In  France 
the  two  substances  are  boiled  together  and  the  product  allowed 
to  crystallise.  A  further  source  of  borax  is  the  mineral  horonatro- 
calcite,  Na2B^07,2CaB^07,18H20,  termed  in  commerce  borate 
of  lime  or  "tiza,"  and  found  in  the  nitrate  beds  of  South 
America,  and  in  the  massive  condition  in  Nevada ;  the  mineral 
is  finely  divided  and  fused  with  the  requisite  proportion  of  soda- 
ash  and  sodium  bicarbonate,  the  product  being  lixiviated  and 
recrystallised. 

Anhydrous  Borax  or  Borax  Glass  is  best  obtained  on  the 
small  scale  by  fusing  124  parts  of  crystallised  boric  acid  with 
53  parts  of  dry  sodium  carbonate.  A  transparent  glass  is  thus 
obtained  having  a  specific  gravity  of  2-367,  which  becomes 
opaque  on  exposure  to  air  from  absorption  of  water. 

Fused   borax   glass   dissolves   many  metallic   oxides,  which 
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impart  their  peculiar  colours  to  the  glass,  and  it  is  therefore 
largely  used  in  blowpipe  analysis.  The  constitution  of  this  glass 
appears  to  be  very  complex.^  It  is  readily  soluble  in  water,  but 
insoluble  in  alcohol. 

Borax  forms  two  important  hydrates.  Octahedral  Borax, 
Na^B^Oy.SHjO,  is  deposited  when  a  supersaturated  borax 
solution,  prepared  by  dissolving  three  parts  of  the  decahydrate 
(common  borax)  in  four  parts  of  warm  water,  is  allowed  to 
evaporate  spontaneously  in  a  warm  place.  Another  plan  is  to 
dissolve  borax  in  boiling  water  until  the  specific  gravity  of  the 
solution  rises  to  1'246,  and  then  allow  the  solution  to  cool. 
The  crystallisation  of  octahedral  borax  begins  when  the 
temperature  reaches  79°,  and  continues  until  it  sinks  to  35'5°, 
after  which  common  borax  is  deposited.  The  crystals  are 
hard,  transparent,  regular  octahedra,  having  a  specific  gravity 
of  1-815. 

Common,  or  prismatic  Borax,  Na2B^O7,10H2O. — Anhydrous 
borax  when  exposed  to  moist  air  absorbs  ten  molecules  of  water 
and  forms  this  salt.  The  decahydrate  is  deposited  from  solutions 
at  all  temperatures  below  35'5°  in  the  form  of  large  transparent 
monoclinic  prisms,  which  have  a  specific  gravity  of  l'7l. 
When  gently  heated  in  the  air  the  crystals  swell  up,  losing 
their  water  and  forming  a  spongy  mass  called  horax  usta,  or 
burnt  borax. 

In  contact  with  a  saturated  solution  the  decahydrate  is 
stable  up  to  355°,^  and  above  this  temperature  is  converted  into 
the  pentahydrate.     100  parts  of  water  dissolve  :  ^ 

At  5°  10°         30°         45°  50°  55°  60°  70° 

Na^B.Oy       1-3       1-6       3-9       81       10-5       142       20       24-4 

80°  90°  100° 

31-4       40-8       52-3 

The  aqueous  solution  has  an  alkaline  reaction  ^ ;  hence  borax  is 
often  used  for  purposes  which  require  a  weak  alkali. 

The  impurities  usually  found  in  commercial  borax  are  sodium 
carbonate,  traces  of  the  sulphates  and  chlorides  of  the  alkali 

1  Burgess  and  Holt,  Proc.  Roy.  Soc,  1904,  74,  285. 

2  van't  Hoff  and  Blasdale,  Sitzuncjsher.  K.  Akad.  Wm.  Berlin,  1905,  1086. 

3  Horn  and  van  Wagener,  Amtr.  Chem.  J.,  1903,  30,  344;  compare 
Poggiale,  Ann.  Ohim.  Phy.i.,  1843  (3),  8,  467. 

'  Shelton,  Proc.  Chem.  Soc,  1902,  169;  Griinliut,  Zeit.  physikal  Chem., 
1904,  48,  569  ;  Lundberg,  Zeil.  physikal.  Chem.,  1909,  69,  442. 
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metals,  and  salts  of  magnesium  and  calcium.  Sometimes  it 
is  adulterated  with  alum  and  common  salt.  Pure  borax  gives 
no  effervescence  with  acids,  and  dissolves  in  two  parts  of  hot 
water.  The  solution  is  not  rendered  turbid  on  addition  of 
alkali,  and  does  not  give  a  precipitate  either  with  barium 
chloride  or  silver  nitrate. 

Borax  is  largely  used  for  a  number  of  purposes,  for  glazing 
both  earthenware,  and  fabrics  such  as  linen,  as  an  antiseptic,  and 
also  in  preparing  clean  surfaces  of  metals  previous  to  soldering. 

Sodium  Metaboratt,  NaB02,4H„0. — This  salt  is  foriued 
when  borax  is  fused  with  the  requisite  quantity  of  sodium 
carbonate.  It  crystallises  from  water  in  monoclinic  crystals 
having  the  above  composition.  A  pentaborate,  Na.^BjpOjg.lOHgO, 
has  also  been  described.^ 

Sodiuvi  Pirhorate,  NagB^Og.lOH.^O.^ — When  an  intimate 
mixture  of  one  molecular  proportion  of  sodium  peroxide  and 
four  molecular  proportions  of  boric  acid  is  added  gradually  to 
cold  water  a  clear  solution  is  first  obtained  from  which  a 
perborate  of  the  above  composition  crystallises  out ;  it  cannot 
be  reerystallised  from  water  without  decomposition.  On  the 
addition  of  a  quantity  of  hydrochloric  acid  equivalent  to  one 
half  of  the  sodium  in  this  perborate  to  its  aqueous  solution  a 
perborate,  NaB03,4H„0,  separates  in  the  form  of  white  crystals 
which  are  quite  stable  at  ordinary  temperatures.  This  salt  is 
less  soluble  than  the  former.  Its  aqueous  solution  has  an 
alkaline  reaction  and  contains  hydrogen  peroxide  ;  it  begins  to 
decompose  slowly  above  40°  and  evolves  oxygen  rapidly  at  100°. 
By  neutralising  the  solution  with  acids  fairly  concentrated 
solutions  of  hydrogen  peroxide  can  be  obtained.  This  compound 
appears  to  be  a  true  per-salt  as  it  does  not  contain  hydrogen 
peroxide  of  crystallisation.^ 

Sodium  perborate  is  used  in  laundry  work  and  for  hygienic 
purposes. 

Sodium  and  Carbon. 

145  Sodmm  Carbide,  Na^Cg.— When  acetylene  is  passed  over 
melted  sodium  at  a  temperature  below  1907  and  when  liquid 

1  Atterberg,  Zeit.  anorg.  Chem.,  1906,  48,  367  ;  Dukelski,  Zeit.  anorg. 
Chem.,  1906,  50,  38. 

=  Jaubert,  Oompt.  rend.,  1904,  139,  796;  Rev.  gen.  Chim.  pure  appL,  1905, 
(vii.),  8,  163  ;  Bosshard  and  Zwicky,  Zeit.  angew.  Chem.,  1912,  25,  938. 

^  Bosshard  and  Zwicky,  Zeit.  angew.  Chem.,  1912,  25,  993. 

•"  Matignon,  Compt.  rend.,  1897,  124,  775. 
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acetylene  is  treated  with  sodium  at  the  ordinary  temperature/ 
a  white  solid  known  as  nionosodacetylene,  CgHNa  or  CgHa.CaNaj, 
is  formed.  This  substance  is  produced  also  by  mixing  liquid 
acetylene  with  a  solution  of  sodium  in  liquid  ammonia  and 
crystallises  in  microscopic,  rhombohedral  lamellae.  When  this 
compound  is  heated,  or  treated  with  iodine  in  presence  of 
benzene,  the  carbide,  NagCj,  is  left  as  a  white  solid,  which  is 
also  formed  when  acetylene  is  passed  over  sodium  above 
210°. 

This  substance  has  the  sp.  gr.  1'575  at  15°,  is  insoluble  in  all 
solvents,  and  when  strongly  heated  in  a  vacuum,  dissociates  into 
its  elements.  It  undergoes  chemical  change  with  great 
readiness  and  violence,  free  carbon  being  as  a  rule  liberated. 
When  gently  heated  in  dry  air  or  oxygen,  it  burns,  forming 
sodium  carbonate,  and  it  is  readily  attacked  by  the  halogen 
elements  and  by  phosphorus.  When  it  is  carefully  brought  into 
water,  acetylene  is  liberated  and  caustic  soda  produced.  In 
hydrogen  chloride  it  burns  spontaneously,  forming  sodium 
chloride,  hydrogen,  and  carbon.^ 

Sodium  Carbonate,  Na^COg,  commonly  known  as  carbonate  of 
soda  or  soda -ash,  is  prepared  on  an  enormous  scale,  being  one  of 
the  chief  products  of  the  alkali  manufacture  which  is  described  in 
detail  below  (p.  280).  The  anhydrous  salt  is  a  white,  opaque, 
porous  mass  or  a  white  powder,  which  has  a  specific  gravity  of 
2-5,  melts  at  852"'  without  decomposition  in  absence  of  moisture, 
and  possesses  an  alkaline  taste  and  reaction,  but  less  strongly 
marked  than  those  of  potassium  carbonate.  When  the 
anhydrous  salt  is  brought  in  contact  with  water,  heat  is 
evolved  and  an  alkaline  solution  is  formed.  This  alkalinity,  as 
already  explained  (p.  102),  is  due  to  a  partial  hydrolysis  of  the 
salt  into  caustic  soda  and  sodium  bicarbonate,  and  it  is  found  that 
a  normal  solution  of  the  carbonate  slowly  loses  carbon  dioxide 
when  it  is  boiled  in  a  current   of  hydrogen.^ 

Owing  to  the  existence  of  several  different  hydrates,  the  solu- 
bility of  sodium  carbonate  shows  an  anomalous  behaviour  with 
rise  of  temperature,  analogous  to  that  of  sodium  sulphate 
(p.  113).  The  limits  of  stability  of  these  hydrates  in  contact 
with  a  saturated  solution  are  probably  the  following:  lOHgO 
from   -2-1°  to  31-8°;  TH^O  from  31-8°  to  351°;  IH2O  from 

1  Moissan,  Gmi'pl.  rend.,  1898,  126,  302;  127,  911. 

2  Matignon,  Oompt.  rend.,  1897,  125,  103.3. 

3  Kiisterand  Griiters,  Ber.,  1903,  36,  748.    See  also  McCoy,  Amer.  Chem.  J., 
1903,  29,  4.37. 
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35'1°  to  104'7°,  the  boiling  point  of  the   saturated  solution.^ 
One  hundred  parts  of  water  dissolve  : 

At  0°      10°      20°      30°      31-8°   35'1°      40°      50°       70°    104-7° 

Na^COg  7-1  12-6  21-4  40-9     46     51      49-7  47-5  45-8  45-1. 

The  decahydrate  is  obtained  when  a  hot,  fairly  concen- 
trated solution  is  allowed  to  cool,  and  forms  large,  trans- 
parent monoclinic  crystals,  which  are  known  commercially  as 
soda-crystals  or  washing  soda,  and  are  manufactured  on  the 
large  scale.  They  readily  effloresce  on  exposure  to  the  air, 
yielding  the  monohydrate  as  a  white  powder,  which  is  also 
formed  by  heating  the  decahydrate  to  35'1°,  at  which  tempera- 
ture it  melts  and  loses  nine  molecules  of  water.  The  mono- 
hydrate  crystallises  in  rectangular,  rhombic  plates,  and  is 
prepared  commercially  and  sold  under  the  name  of  crystal 
carbonate.  Both  of  these  hydrates  occur  native,  the  former  as 
natron  and  the  latter  as  thermonatrite,  in  the  soda  lakes  of 
Egypt  ^  and  Hungary,  and  also  at  V^esuvius  and  Etna,  and 
in  various  parts  of  Asia,  Africa,  and  America. 

Of  the  remaining  hydrates  the  heptahydrate,  Na2C03,7H20, 
is  the  most  important,  and  is  obtained  by  allowing  a  warm 
saturated  solution  to  cool  in  absence  of  air;  it  appears  to 
be  dimorphous,  crystallising  both  in  rhombohedra  and  rect- 
angular rhombic  plates. 

Commercial  anhydrous  sodium  carbonate  prepared  by  the 
Leblanc  process  always  contains  sodium  chloride  and  sulphate, 
as  well  as  caustic  soda  and  other  impurities.  That  prepared 
by  the  ammonia  soda  process  contains  as  a  rule  only  sodium 
chloride  as  impurity.  Soda  crystals  are  usually  much  purer, 
and  may  be  obtained  perfectly  free  from  impurity  by  repeated 
crystallisation. 

Sodmm  Hydrogen  Carbonate,  NaHCOg.— This  salt,  commonly 
known  as  bicarbonate  of  soda,  is  likewise  prepared  on  the  large 
scale.  It  occurs  in  commerce  in  the  form  of  a  white,  crys- 
talline powder,  or  in  crystalline  crusts  which  consist  of  mono- 
clinic  tablets.  It  possesses  a  faint  alkaline  taste,  and  dissolves 
less  readily  in  water  than  the  normal  salt.     A  solution  of  the 

1  Ketner,  Zeit.  physikal    Chem.,   1902,  39,  645;  Epple,   Diss.    Heidelberg, 

1899,  p.  26,  quoted  in   Physikalisch-Chemische   Tahellen,    Landolt-Bornstein, 

p.  555  .(Berlin,  Springer,  1905)  ;  Wells  and  McAdams,  J.  Amer.  Chem.  Soc, 

1907,  29,  721;  Jones,  Journ.    Chem.  Soc,  1909,  95,  1672;  Gumming,  ^bld., 

1910,  97,  593. 

^  Jahrh.  Mill.,  1900,  i.,  236. 

T  2 


270  SODIUM 


bicarbonate   is   neutral   to   phenolphthalein,   but    alkaline    to 
methyl  orange.     One  hundred  parts  of  water  dissolve  :  ^ 


At 

0° 

10° 

20° 

30° 

40° 

50° 

60° 

NaHCO, 

6-90 

8-15 

9-60 

1110 

12-70 

14-45 

16-40. 

A  solution  of  the  bicarbonate  gives  off  carbon  dioxide  on  boil- 
ing, forming  first  the  carbonate  (trona)  Na2COg,NaHC03,2H20 ;  ^ 
this  carbonate  is  formed  also  when  carbon  dioxide  is  passed  into 
a  boiling  solution  of  the  normal  carbonate  and  when  solutions 
of  the  latter  are  exposed  to  the  air  for  some  time.  ,  The  solid 
salt  decohiposes  on  gentle  ignition  into  carbon  dioxide,  water, 
and  the  normal  salt : 

2NaHC03  =  Na^COg + Rfi  +  00^. 

Commercial  bicarbonate  of  soda  almost  always  contains  some 
normal  carbonate,  and  this  may  be  removed  by  washing  with 
small  quantities  of  water ;  but,  on  drying,  the  residual  salt  is 
found  again  to  contain  some  normal  carbonate.  A  better  method 
is  to  moisten  the  washed  salt  with  alcohol,  and  then  to  dry  it 
between  folds  of  filter  paper  without  application  of  heat.  Even 
then  it  undergoes  partial  decomposition,  and  contains  about  one 
per  cent,  of  the  normal  carbonate.  In  order  to  detect  the 
presence  of  the  latter  salt  in  the  bicarbonate  a  solution  of 
mercuric  chloride  in  two  parts  of  water  is  added  to  a  solution  of 
the  bicarbonate  in  fifteen  parts  of  water,  when  a  white  cloudiness, 
which  gradually  becomes  brown  after  several  minutes,  is  pro- 
duced in  presence  of  the  normal  salt ;  this  test,  however,  is  only 
of  an  approximate  character,  as  the  presence  of  the  normal 
carbonate  can  be  proved  with  certainty  only  by  a  quantitative 
examination. 

Trona,  or  Urao,  is  a  carbonate  of  soda  occurring  native  in 
Hungary,  Egypt,  British  East  Africa,  Fezzan  and  Lake  Chad  in 
Africa,  India,  and  America.  It  is  a  compound  of  the  normal  with 
the  bicarbonate,  and  has  the  formula  Na.2C03,NaHC03,2H20.* 
This  is  the  substance  to  which  the  ancients  gave  the  name 
nitrum.  It  occurs  in  small  monoclinic  crystals,  and  it  can  be 
prepared  artificially  as  described  above. 

1  Dibbits,  J.  pr.  Chem.,  1874  (2),  10,  439. 

2  Soury,  Compt.  revd.,  1908,  147,  1298;  Haberraann  and  Kurtenaoker, 
Zeit.  anorg.  Ghem.,  1909,  63,  65. 

'  Compare  Lunge,  Sulphuric  Acid  and  Alkali,  Vol.  II.,  pp.  52  and  55, 
3rd  edition,  1909.  Also  "Egyptian  Soda"  Survey  Department  Paper 
No.  22,  Nature,  1913,  90,  527. 
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Sodium  Percarlonate  has  already  been  described^  (Vol.  I., 
p.  825). 

Sodium  Cyanide,  NaCN. — This  salt  is  obtained  by  neutral- 
ising hydrocyanic  acid  with  soda,  and  by  heating  sodium  ferro- 
cyanide  either  alone  or  with  metallic  sodium  (see  also  potassium 
cyanide) : 

Na,Fe(CN)6  =  4NaCN  +  FeC^ + N^ 
Na,Fe(CN)g+  2Na  =  6NaCN  +  Fe. 

When  obtained  by  passing  hydrocyanic  acid  into  alcoholic 
soda  it  is  a  white j  crystalline  powder,  which  smells  of  hydro- 
cyanic acid,  and  dissolves  readily  in  water. 

It  is  now  manufactured  on  the  large  scale  by  Castner's 
method,^  which  consists  in  passing  ammonia  over  metallic 
sodium  heated  in  an  iron  retort  to  300-400°,  yielding  sodamide 
according  to  the  equation  : 

2Na  +  2NH3  =  2NaNH2  +  H^. 

This  is  then  brought  into  contact  with  charcoal  previously 
heated  to  dull  redness,  and  thus  coverted  into  sodium  cyanamide 
and  hydrogen : 

2NaNH2  -f  C  =  CN.NNa^  -1-  2H^. 

At  a  higher  temperature,  in  presence  of  the  excess  of  charcoal, 
the  cyanamide  is  then  converted  into  sodium  cyanide : — ■ 

CN.NNa2-t-C  =  2NaCN. 

The  product  is  almost  pure. 

Calcium  cyanamide  ("  Nitrolim  ")  also  is  used  for  the  pre- 
paration of  sodium  cyanide  (Vol.  I.,  p.  853). 

Sodium  cyanide,  like  the  potassium  salt,  is  now  very  largely 
employed  for  the  extraction  of  metallic  gold. 


Silicates  of  Sodium, 

146  Silica  acts  on  sodium  carbonate  at  high  temperatures 
with  evolution  of  carbon  dioxide  and  formation  of  silicates, 
different  silicates  being  obtained  according  to  the  time  of 
heating,  the  temperature,  and  the  relative  proportions  of  the 

1  Compare  also :— Tanatar,  Ber.,    1910,  43,   127,  2149;  Riesenfeld,  ibid., 
1910,  43,  566,  2594 ;  1911,  44,  3589,  3595  ;  Wolffenstein,  ibid.,  1910,  43,  639. 
■'  Patent  No.  21732  (1894). 
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two  substances  taken.  Unlike  potassium,  however,  sodium 
is  capable  of  forming  an  orthosilicate,  Na^SiO^,  whilst  the 
silicate  richest  in  potassium  is  KgSigOjo.  If  silica  and  sodium 
carbonate  be  fused  together  in  equal  molecular  proportions, 
sodium  metasilicate,  NagSiOg,  is  formed,  and  of  this  compound  a 
number  of  definite  crystalline  hydrates  have  been  obtained, 
crystallising  with  from  1  to  9  molecules  of  HgO.  The  solution 
of  this  substance  in  water  is  strongly  alkaline,  and  probably 
contains  half  the  sodium  as  caustic  soda,  together  with  the 
silicate  Na^SigO^.^ 

Soluble  Soda  Glass,  which  was  discovered  by  Fuchs  in  1818, 
is  obtained  by  heating  together  180  parts  of  white  sand,  100  of 
calcined  soda-ash,  and  3  of  charcoal  in  a  reverberatory  furnace, 
and  also  by  dissolving  powdered  flint  in  hot  aqueous  caustic 
soda  under  pressure.  Like  the  corresponding  potash  glass  it 
consists  of  a  mixture  of  several  silicates,  the  melting  point 
being  higher  the  greater  the  proportion  of  silica  present. 
Prepared  by  the  first  method,  soluble  soda  glass  forms  a  trans- 
parent glassy  mass,  sometimes  colourless,  but  generally  of  a 
yellow,  brown,  or  green  colour,  which  when  powdered,  readily 
dissolves  in  boiling  water,  forming  a  thick  viscid  liquid.  When 
concentrated  ammonia  is  added  to  the  solution,  a  silicate  having 
approximately  the  composition  NajSi^Og  separates  out,^  and  a 
hydrate  of  this  silicate,  containing  I2H2O,  is  formed  when  pre- 
cipitated silica  is  dissolved  in  boiling  caustic  soda  and  the 
filtrate  evaporated  down.^ 

Silicate  of  soda  is  employed  in  fixing  fresco  colours  by  the 
process  of  stereochromy.  It  is  employed  also  as  a  cement  in  the 
manufacture  of  artificial  stone.  This  is  made  by  mixing  the 
solution  with  sand  and  lime ;  it  is  likewise  used  as  a  cement  for 
joining  the  broken  surfaces  of  porcelain,  stone,  &c.  Another 
purpose  for  which  soluble  glass  is  employed  is  as  an  addition 
to  cheap  soap.  The  so-called  silicated  soap,  the  preparation  of 
which  was  patented  early  in  the  last  century  and  which  was 
subsequently  largely  made  by  William  Gossage,  who  also  took 
out  a  patent  for  its  manufacture,  is  now  prepared  in  large 
quantities  by  adding  a  solution  of  this  compound  to  the  soap 
whilst  settling. 

1  Kohlrausoh,  Zeit.  physilcal.  Chem.,  189.3,  12,  773;  Hantzsch,  Zeit.  anorg. 
Chem.,  1902,  30,  295;  Mylius  and  Grosohuff,  JJer.,  1906,  39,  116. 

2  Heintz,  Jahresb.,  1871,  276. 

<*  Walker,  Quart.  Journ.  of  Science,  1866,  3,  371. 
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Sodium  Silicofluoride,  Na2SiFg,  is  prepared  in  a  similar  way 
to  the  potassium  compound,  and  is  very  similar  to  this  latter 
salt;  100  parts  of  water  dissolve  at  17'5°,  0"652  part  of  the  salt, 
and  at  101°,  2'459  parts  (Stolba). 

Detection  and  Estimation  of  Sodium. 

147  The  presence  of  a  sodium  compound  can  be  readily  de- 
tected by  the  production  of  the  yellow  tint  which  it  imparts  to 
the  non-luminous  gas-flame.  This  reaction  was  first  observed  , 
by  Melville  in  1752,  and  was  made  use  of  by  Marggraf  in 
1759  to  distinguish  the  base  contained  in  common  salt  from 
that  peculiar  to  the  vegetable  alkali,  which  imparted  a  violet 
tint  to  the  flame. 

The  spectrum  of  the  yellow  sodium  flame  consists  of  two  bright 
yellow  lines  coincident  with  the  two  dark  solar  lines  known  as 
Fraunhofer's  D-lines.  These  lines  have  wave-lengths  of  5896 
and  5890  A.U.  and  lie  so  close  together  that  in  an  ordinary  one- 
prism  spectroscope  they  appear  as  one  line. 

The  flame  reaction  of  sodium  is  the  most  delicate  known 
among  spectrum  reactions,  as  has  already  been  mentioned 
(p.  158). 

The  absorption  spectrum  of  sodium  va])our  has  been  mapped 
by  Roscoe  and  Schuster. ^  A  series  of  bands  in  the  blue  makes 
its  appearance  at  a  low  temperature,  and  as  this  is  raised 
bands  in  the  red  and  yellow  stretching  as  far  as  the  D-lines 
come  out.  When  the  vapour  of  sodium  is  examined  in  a  red- 
hot  iron  tube  the  colour  of  the  limelight  as  seen  through  it  is  a 
dark  blue. 

In  the  processes  of  quantitative  analysis  sodium  generally 
occurs  together  with  potassium.  The  process  for  the  separation 
of  these  two  metals  is  described  under  that  metal,  as  well  as 
the  indirect  methods  by  which  the  quantity  of  each  of  the 
two  metals  can  be  ascertained.  If  it  is  desired  to  deter- 
mine the  sodium  directly,  the  best  process  is  the  foUowmg 
one  suggested  by  Bunsen.  The  alcoholic  solution  of  the 
soluble  double  chloride  of  sodium  and  platinum  is  evaporated 
in  a  flask  which  is  filled  with  hydrogen  gas,  and  reduced 
by  exposure  to  light,  or  by  addition  of  a  reducmg  agent 
such  as  aldehyde.  Sodium  chloride,  hydrochloric  acid,  and 
metallic  platinum  are  then  formed  :  the  solution  of  common 
1  Proc.  Boy.  80c. ,  1874,  22,  362. 
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salt  is  filtered  from  the  platinum,  evaporated  to  dryness,  and 
the  weight  of  the  salt  ascertained  after  gentle  ignition.  As 
sodium  chloride  is  volatile  at  a  red  heat,  it  is  advisable  to 
transform  the  salt  into  sulphate  before  ignition. 

Sodium,  moreover,  forms  sparingly  soluble  salts  of  antimonic 
acid  and  of  dihydroxytartaric  acid,^  and  can  be  estimated  in 
presence  of  potassium  by  precipitation  with  the  potassium  salt 
of  either  of  these  acids.^ 

The  atomic  weight  of  sodium  was  determined  by  Stas.  He 
found  as  the  result  of  ten  experiments  that  100  parts  by  weight 
of  pure  silver  required  from  54-206  to  54-2093  parts  of  sodium 
chloride  for  complete  precipitation.  This  gives  a  mean  of 
54  208,  and  the  atomic  weight  of  sodium  as  23-05. 

This  ratio  has  been  redetermined  by  Richards  and  Wells,^ 
who  employed  more  perfectly  purified  silver,  and  estimated  the 
end  point  of  the  reaction  between  silver  nitrate  and  sodium 
chloride  by  means  of  a  specially  devised  instrument,  the 
nephelometer.*  The  ratio  obtained  was  Kg :  NaCl  =  100  :  54-185, 
whilst  that  of  AgCl :  NaCl  was  100  :  40-780.  Hence,  taking  the 
accepted  values  for  silver  (Ag=  107-88)  and  for  chlorine 
(CI  =  35-46),  these  results  give  22-99.  The  value  now  adopted  is 
23-00. 


THE  ALKALI  MANUFACTURE. 

148  The  history  of  the  manufacture  of  the  alkali,  soda,  is 
one  of  great  and  pecuKar  interest.  The  following  is  a  descrip- 
tion (1)  of  the  oldest  known  sources  and  processes,  (2)  of  the 
Leblanc  process,  (3)  of  the  cryolite  process,  (4)  of  the  ammonia 
process,  and  (5)  of  the  electrolytic  processes,  followed  by  a 
description  of  the  several  forms  in  which  the  alkali  now  appears 
in  commerce.  A  great  number  of  other  proposals  for  the 
manufacture  of  soda  have  been  made,  for  details  of  which 
reference  may  be  made  to  Lunge,  "  Sulphuric  Acid  and  Alkali 
Manufacture  "  (3  vols.  London,  Gurney  and  Jackson).  The 
manufacture  of  bleaching  powder  is  described  separately  under 
calcium. 

1  Fenton,  Joum.  Chem.  Soc,  1898,  73,  167. 

■^  Bulstern  and  Blaise,  Zeit.  anal.  Ckem.j  1897,  36,  SIS. 

3  /.  Amer.  Chem.  Soc,  1905,  27,  459. 

<  Amer.  Chem.  J.,  1904,  31,  235. 
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The  Oldest  Known  Sources  and  Processes. 

149  Natural  Soda. — From  time  immemorial  an  alkali  has  been 
obtained  as  a  saline  efflorescence  from  the  ground  in  parts  of 
Egypt,  and  from  certain  alkali  lakes  in  that  country ;  the 
substance  is  known  as  trona  or  latroni,  and  it  contains  about  20 
per  cent,  of  "  sodium  sesquicarbonate  "  ]Sra2CO.j,NaHCOg,2H20 
(see  pp.  276  and  317) ;  it  is  still  exported  from  Alexandria  at  the 
rate  of  about  2,500  tons  per  annum.  Nearly  every  district  of 
India  produces  alkaline  earth,  known  as  dhobies  earth,  contain- 
ing from  11-36  per  cent,  of  the  double  carbonate,  which  has  been 
used  for  ages  for  washing,  dyeing,  and  in  the  manufacture  of 
soap  and  glass  bangles.  Very  many  districts  are  so  impregnated 
with  alkali  that  they  form  wastes  or  alkali  deserts,  as  in  Tibet 
and  Utah.  At  Owens  Lake  in  California  the  water  is  so  nearly 
saturated  with  alkali  that  shallow  receptacles  are  filled  with  it 
and  then  allowed  to  evaporate  spontaneously,  after  which  the 
crystals  receive  a  slight  wash  to  purify  them  ;  it  is  computed  that 
this  lake  contains  50,000,000  tons  of  soda  ;  and  that  the  annual 
increase  is  200,000  tons;  and  it  is  expected  that  the  American 
market  may  in  time  be  supplied  from  this  source.  In  1910  a 
great  deposit  of  soda  was  found  and  explored  in  Lake  Magadi, 
East  African  Proctorate.  The  lake  covers  an  area  of  30  square 
miles ;  the  reddish  water  is  only  a  few  inches  deep,  and  under 
this  is  a  deep  layer  of  natural  soda  in  large,  radiating  crystals 
looking  like  pink  marble,  which  is  estimated  to  weigh  200,000,000 
tons,  and  which  might  supply  the  world  for  100  years.  This  is 
being  developed  by  the  Magadi  Soda  Company,  who  are  building 
100  miles  of  railway  to  connect  with  the  Uganda  Railway,  while 
the  Government  are  preparing  to  deal  with  the  transport  on  the 
Uganda  Eailway  and  to  give  loading  facilities  for  ocean  shipping 
at  Kilindini. 

Soda  from  Plant  Ashes. — From  very  old  times  it  has  been 
known  that  the  ashes  of  plants  contained  alkali,  and  they  were 
used  for  cleansing,  and  for  making  soap  and  glass.  Whereas 
almost  all  land  plants  yield  an  alkali  that  is  mostly  potash, 
certain  land  plants  growing  near  the  sea  shores  yield  an  alkali 
that  is  mostly,  but  not  entirely,  soda  ;  such  plants  are  grown  on 
the  Spanish  coasts,  and  they  have  been  cut  and  burned  for 
centuries  to  prepare  the  ash  barilla,  which  never  contains  more 
than  30  per  cent,  sodium  carbonate  and  often  only  3  per  cent. ;  in 
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1834  even  the  import  of  this  Spanish  soda  into  this  country 
was  12,000  tons,  and  it  realised  £11  to  £45  per  ton.  Sea 
plants  yield  an  ash  that  is  still  poorer  in  potash  and  richer  in 
soda,  and  these  were  cut  or  collected  on  the  North-west 
coasts  of  France,  Ireland,  and  Scotland,  and  burned  to  prepare 
an  ash  containing  only  2 J  to  5  per  cent,  soda,  known  as  "kelp." 
In  the  Orknej'  Islands  a  large  number  of  persons  used  to  be 
engaged  in  this  work.  Kelp  is  now  used  as  a  source  of  potassium 
chloride  and  of  iodine.  Land  plants  contain  portions  of  soda 
which  are  not  inconsiderable,  and  in  the  manufacture  of  beet- 
root sugar  the  residual  molasses  finally  yield  a  charcoal  from 
which  soda  is  extracted  in  France,  Germany,  Austria  and 
Belgium,  to  the  extent  of  2,500  tons  per  year. 

Oldest  hnoion  chemical  processes  of  preparing  soda. — In  1768 
Hagen  described  the  double  decomposition  between  sodium 
sulphate  and  potassium  carbonate ;  the  less  soluble  potas- 
sium sulphate  crystallises  first  from  the  solution,  and  soda 
crystals  were  then  obtained  from  the  mother  liquor.  This  process 
was  also  described  by  Accum  as  being  carried  out  in  a  soda 
works  in  London  prior  to  1808.  A  similar  double  decomposi- 
tion due  to  Bergmann  was  carried  out  with  sodium  chloride 
and  potassium  carbonate  ;  and  some  years  later,  in  1795,  Lord 
Dundonald  obtained  a  patent  connected  with  the  process,  and 
from  1802-1815  at  Walker-on-Tyne  Losh  made  soda  called 
"British  Ash  "  which  sold  for  £16  to  £20  per  ton. 

Other  processes  for  the  manufacture  of  soda  independently 
of  potashes,  but  in  which  organic  materials  were  used,  have  been 
suggested;  thus  in  l778Crell  precipitated  calcium  acetate  with 
sodium  sulphate  to  obtain  a  solution  of  sodium  acetate,  which 
on  evaporation  and  ignition  left  sodium  carbonate,  and  in  1789 
Kirwan  precipitated  lead  acetate  solution  in  the  same  way  and 
for  the  same  purpose.  Strictly  inorganic  processes  were  also 
employed.  In  1773  Scheele  reacted  on  sodium  chloride  solution 
with  oxide  of  lead,  obtaining  an  insoluble  oxychloride  of  lead 
and  a  solution  of  caustic  soda;  in  1782  soda  was  being  made 
in  England  by  this  process,  and  in  1787  Turner  patented  a 
yellow  lead  oxychloride,  a  pigment  known  as  Turner's  yellow. 

But  the  most  important  of  these  inorganic  processes  for 
subsequent  developments  was  that  of  Malherbe  in  1778.  He 
heated  sodium  sulphate  with  carbon,  obtaining  sodium  sulphide, 
and  to  the  molten  mass  added  iron  scrap  to  combine 
with  the  sulphur.      After  due  manipulation  in  the  furnace  the 
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melt  was  withdrawn  and  the  blocks  allowed  to  stand  in  the  air 
until  they  fell  to  powder,  which,  when  lixiviated,  gave  a 
solution  from  which  soda  crystals  were  at  once  obtained.  The 
similarity  of  this  process  to  that  next  described,  in  all 
particulars  except  the  use  of  iron,  may  be  noted. 

The  Leblanc  Process. 

150  One  of  the  effects  of  the  French  revolutionary  wars 
was  the  stoppage  of  the  supply  of  potashes  to  France,  and 
therefore  the  diminution  of  the  important  manufactures  de- 
pendent upon  its  use.  Under  these  circumstances  the  French 
Government  issued  an  appeal  to  chemists  urging  the  im- 
portance of  utilising  all  the  materials  natural  to  their  own 
country,  "  so  as  to  render  vain  the  efforts  and  hatred  of 
despots,"  and  commanded  all  citizens  who  "  have  commenced 
establishments  or  who  have  obtained  patents  for  the  manu- 
facture of  soda  from  common  salt,  to  make  known  to  the 
Convention  the  locality  of  these  establishments,  the  quantity 
of  soda  supplied  by  them,  and  the  quantity  they  can  hereafter 
supply."  A  Commission  was  appointed  to  investigate  this 
subject,  and  in  1794  it  reported  on  thirteen  different  processes, 
the  particulars  of  which  had  been  submitted.  The  preference 
was  given  to  the  operations  devised  by  an  apothecary  of  the 
name  of  Leblanc,  who  had  erected  a  soda  manufactory  at 
Franciade,  near  Paris ;  this  had  been  at  work  for  about  three 
years.  The  process  which  constituted  Leblanc's  invention  con- 
sisted of  the  conversion  of  common  salt  by  vitriol  into  Glauber's 
salt,  whilst  the  evolved  hydrochloric  acid  was  converted  into 
sal-ammoniac.  The  sulphate  of  soda  was  mixed,  according  to 
Leblanc's  first  description  in  1790,  with  half  its  weight  of  chalk 
and  a  quarter  of  its  weight  of  charcoal,  but,  according  to  his 
Patent  of  1791,  with  an  equal  weight  of  chalk  and  half  its 
weight  of  charcoal,'  which  proportions  had  yielded  the  best 
results ;  from  the  surface  of  the  fluxing  mass  a  large  number 
of  flames  broke  forth  similar  to  the  flame  of  a  candle.  As  soon 
as  this  phenomenon  ceased  the  operation  was  finished.  The 
batch  was  drawn  out  of  the  furnace  with  iron  rakes,  and  collected 
in  any  kind  of  moulds  to  give  it  the  shape  of  the  commercial 
blocks  of  soda  of  that  time.  The  fluxed  mass  was  purified  by 
powdering  and  boiling  with  water,  or  else  it  was  allowed  to  fall 
to  powder  in  the  air  and  then  washed.    The  calcareous  substance 
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and  unburnt  charcoal  were  removed  by  settling  and  filtering. 
From  the  solution  the  soda  was  separated  on  boiling  down,  and 
dried  in  a  warm  place. 

Why  Leblanc  should  have  reacted  with  calcium  carbonate  on 
his  fused  sodium  sulphide  is  not  clear,  because  the  first 
explanation  of  Leblanc's  process  was  given  in  1830  by  Dumas, 
who,  believing  that  calcium  sulphide  was  soluble  in  water,  sup- 
posed the  existence  of  insoluble  oxysulphide,  2CaS,CaO.  The 
existence  of  this  hypothetical  compound  was  first  doubted  in 
1858  by  Kynaston,  and  disproved  by  Scheurer-Kestner  in  1862 ; 
and  in  1861  Gossage  proved  that  calcium  sulphide  was  insoluble 
in  water.  The  Commissioners  of  1794  say  in  their  report: — 
"  Citizens  Leblanc,  Diz6,  and  Shee  were  the  first  who  submitted 
to  us  particulars  of  their  process,  and  this  was  done  with  a  noble 
devotion  to  the  public  good."  The  consequences  of  the  French 
Revolution  and  subsequent  war  deprived  Leblanc  of  funds, 
owing  to  which  the  works  were  suspended  from  1794  to  1801, 
and  he  was  unable  to  work  his  process.  It  is  sad  to  have  to 
relate  that  the  man  who  thus  originated  a  world-wide  industry, 
and  to  whom  we  owe  cheap  soap  and  cheap  glass,  did  not 
benefit  from  his  discoveries,  and,  not  receiving  the  reward 
promised  by  his  Government,  died  in  1806  by  his  own  hand  in 
poverty  and  despair.^ 

Other  alkali  works  in  France  were  more  successful  than 
Leblanc's  original  manufactory.  Several  of  these  were  situated 
at  Marseilles,  the  seat  of  the  French  soap  trade,  and  conveniently 
placed  for  obtaining  three  of  the  necessary  raw  materials;  (1) 
sulphur,  imported  from  Sicily  ;  (2)  salt,  obtained  by  the  evapor- 
ation of  salt-water  by  the  sun's  heat  ;  (3)  limestone.  They 
were,  however,  at  a  disadvantage  in  being  at  a  distance  from 
coal. 

Although  the  process  for  making  alkali  was  published  in  the 
Annates  de  Chimie  for  the  year  1797,  it  is  remarkable  that  not 
till  1814  was  this  process  taken  up  in  England  by  Losh, 
on  the  Tyne,  on  an  exceedingly  small  scale.  In  1823  the  salt 
duty  of  £30  per  ton  was  abolished,  and  the  way  being  thus 
opened  for  the  use  of  salt  as  a  raw  material  for  the  pro- 
duction of  an  artificial  soda,  which  could  compete  with  the 
natural  sodas  and  the  various  soda  ashes  from  plants,  the  same 
year  saw  the  erection  of  an  alkali  works  in  Liverpool  by  James 
Muspratt,  To  prove  the  superiority  of  his  product  to  the 
i  "  Nicolas  Leblanc  :  sa  vieet  ses  travaux,"  by  Aug.  Anastasi,  Paris,  1884. 
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natural  sodas  and  plant  soda  ashes  Miaspratt  had  at  first  to  give 
his  product  away,  but  he  soon  established  a  growing  industry. 

It  must  not  be  supposed,  however,  that  Leblanc's  process  was 
complete  in  all  its  details,  or  was  suited  without  alterations  to 
English  industrial  requirements. 

The  hydrochloric  acid  evolved  in  the  salt-cake  process  was 
not  converted  into  sal-ammoniac  as  Leblanc  had  devised,  but 
was  allowed  to  escape  into  the  air  as  a  waste  product, 
which  destroyed  vegetable  life  of  all  kinds  for  miles  around, 
leading  to  complaints  of  nuisance  and  to  frequent  litigation. 
Hardly  an  assize  passed  without  an  action  for  nuisance  or 
damage,  and  the  present  generation  can  scarcely  form  an  idea 
of  the  prejudice  aroused  against  alkali  works  for  the  first 
forty  years  of  their  existence.  In  1836  Gossage  introduced  his 
plan  of  condensing  hydrochloric  acid,  and  though  in  the  next 
ten  years  it  was  adopted  by  many  works,  yet  many  others, 
especially  the  smaller  ones,  continued  to  manufacture  sulphate 
of  soda  without  condensing  the  hydrochloric  acid,  and  even 
those  works  which  had  condensers  used  them  only  in  pro- 
portion as  they  found  a  sale  for  hydrochloric  acid.  The 
use  of  chlorine  made  from  hydrochloric  acid  for  manufac- 
turing bleaching  powder  was  extended  from  1837  by  the 
reduction  of  the  excise  duty  on  paper  from  3d.  to  l^d.  per 
pound,  which  led  to  a  greatly  increased  demand.  In  1847 
chlorine  made  from  hydrochloric  acid  was  first  used  on  a 
large  manufacturing  scale  for  the  preparation  of  potassium 
chlorate.  In  1861  the  paper  duty  was  abolished,  and  with 
the  consequent  establishment  of  a  vast  number  of  daily  and 
weekly  newspapers  and  journals,  and  the  reprinting  of 
standard  works  in  all  parts  of  the  kingdom,  an  enormously 
increased  demand  for  paper  materials  was  created.  Straw, 
esparto  grass,  and  wood  fibres,  which  had  hitherto  been  used 
only  in  very  small  quantities  as  compared  with  cotton  and 
linen  rags,  were  now  used  in  rapidly  increasing  quantities,  and 
as  these  require  roughly  three  times  as  much  bleaching  powder 
per  unit  weight  of  raw  material  as  do  the  rags,  and  as  they 
produce  much  less  weight  of  paper,  it  is  evident  that  the  de- 
mand for  hydrochloric  acid  was  vastly  increased.  It  was  com- 
puted that  in  1862  one-third  of  all  the  hydrochloric  acid  gas 
produced  was  still  allowed  to  escape  into  the  air,  a  fraction  which 
amounted  to  about  1,000  tons  per  week;  and  this  nuisance  was 
only  brought   to  an  approximate  end   by  the  passing  of  the 
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Alkali  Act  in  1863,  which  rendered  compulsory  the  condensa- 
tion of  95  per  cent,  of  the  hydrochloric  acid  gas  produced. 
Thanks  to  the  increased  uses  for  and  value  of  hydro- 
chloric acid,  the  statutory  condensation  was  rapidly  ob- 
tained and  exceeded.  In  1874  another  Act  was  passed  re- 
quiring that  the  exit  gases  shall  not  contain  more  than  0'2 
grain  of  hydrochloric  acid  per  cubic  foot  of  gas,  and  this  limit 
is  now  fully  observed.  The  means  employed  to  condense  the 
hydrochloric  acid  gas  are  described  under  the  head  of  Hydro- 
chloric Acid  (Vol.  I.,  p.  205).  Where  an  acid  was  produced 
too  weak  to  use  or  sell  it  was  run  away  to  waste,  thereby  often 
creating  a  fresh  series  of  nuisances  by  reason  of  it  finding  its 
way  into  the  drainage  from  the  waste  heaps  of  the  lixiviation 
process — a  liquor  loaded  with  soluble  sulphides. 

The  black-ash  produced  up  to  1823  contained  only  10  to  12 
per  cent,  alkali  (NagO),  and  though  Leblanc  had  shown  how  to 
prepare  from  this,  as  his  final  product,  a  nearly  pure  hydrated 
sodium  carbonate,  "  soda  crystals,"  NagCOg.lOHoO,  yet  this 
was  not  done  commercially,  and  the  black-ash  was  sold 
as  such  and  with  all  its  impurities  to  soap  makers ;  in  1823  it 
realised  £12  per  ton.  A  black-ash  containing  24  per  cent, 
alkali,  that  is,  double  the  previous  strength,  was  first  made  by 
Muspratt  in  1823,  since  when  the  strength  has  not  been 
materially  increased. 

The  details  of  the  economical  lixiviation  of  the  black-ash,  and 
the  evaporation  of  the  liquor  by  the  waste  heat  from  the  black- 
ash  furnaces,  are  due  not  to  Leblanc  but  to  English  alkali 
makers,  who  produced  in  quantity  not  only  Leblanc's  "soda 
crystals,"  but  also  a  new  and  much  stronger  alkali,  namely,  the 
white-ash  or  soda-ash,  selling  at  £22  per  ton  in  1833.  It 
consisted  of  impure  anhydrous  sodium  carbonate,  and  according 
to  its  impurities  and  methods  of  preparation  contained  from  48 
to  52  per  cent,  of  alkali.  The  impurity  present  in  largest 
quantity  in  the  alkaline  liquor  was  sodium  hydrate,  and  this  was 
carbonated  either  by  adding  a  considerable  quantity  of  sawdust, 
or  by  leading  in  waste  furnace  gases,  or  carbonic  acid  gas. 

To  the  English  alkali  makers  also  is  due  a  further 
development  in  the  making  of  strong  alkali,  which  was  entirely 
new.  The  first  step  was  the  introduction  of  "  caustic  ash  "  a 
mixture  of  anhydrous  sodium  carbonate  and  sodium  hydrate, 
obtained  by  using  a  larger  proportion  of  lime  than  previously  in 
the  black-ash  mixing,  and  by  not  adding  sawdust  or  carbonic  acid 
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gases  when  evaporating  the  alkaline  liquor  to  dryness.  About 
1850  this  was  followed  by  methods  of  separating  the  bulk  of 
the  sodium  carbonate  as  the  monohydrate,  Na^COg.HgO,  from 
the  liquor,  and  evaporating  the  mother-liquor,  now  containing 
essentially  sodium  hydrate,  until  it  contained  60  per  cent,  of 
alkali  and  on  cooling  solidilied  into  a  crystalline  mass  known  as 
"  cream  caustic."  About  1857  the  methods  of  removing  the 
various  impurities  were  improved,  and  the  caustic  liquor  was 
evaporated  at  much  higher  final  temperatures,  so  that 
anhydrous  white  caustic  soda  containing  70  per  cent,  alkali  was 
obtained.  In  1861  Lancashire  furnished  4,680  tons  of  caustic 
soda,  but  in  1862  methods  had  been  found  at  St.  Helen's  of  so 
altering  the  charge  in  the  black-ash  furnace,  and  so  working  the 
liquor  as  to  obtain  stronger  and  whiter  caustic  soda,  which  at 
once  found  extended  use  in  soap  and  paper  manufactories. 
From  1873  the  developments  were  stimulated  by  the  success  of 
Solvay's  Ammonia  Soda  Process  in  making  soda  ash  of  excellent 
quality  and  in  a  very  economical  manner ;  but  he  could  not 
make  caustic  soda  except  by  an  additional  operation.  By  1878 
the  output  of  caustic  soda  by  the  modified  Leblanc  process 
reached  94,000  tons  a  year.  In  1888  the  methods  of  separating 
the  impurities  from  the  raw  caustic  soda  solutions  had  been  so 
improved  by  the  Greenbank  Alkali  Company  that  the  finished 
caustic  soda  contained  77  per  cent,  alkali,  a  figure  which  is  even 
now  only  slightly  exceeded. 

Lastly,  the  process  of  Leblanc  left  the  insoluble  portion  of  the 
black -ash  as  great  mounds  of  waste  creating  a  general  nuisance 
that  led  the  manufacturers  into  great  trouble  for  many  years. 
The  waste  underwent  oxidation,  and  rain  and  drainage  waters 
dissolved  from  it  soluble  sulphides,  polysulphides,  and  thiosul- 
phates,  which  found  their  way  into  the  drains  and  streams  of  the 
district,  whither  also  was  discharged  the  waste  weak  hydro- 
chloric acid  made  in  the  early  years  of  the  process;  and  the 
resultant  sulphuretted  hydrogen  was  sufficient  to  be  a  nuisance 
to  the  inhabitants  of  districts  lying  even  several  miles  away  from 
the  waste.  With  improvements  in  the  construction  of  the  salt- 
cake  furnaces,  and  also  in  the  condensing  towers  for  the  hydro- 
chloric acid,  the  production  of  waste  weak  acid  was  stopped 
and  with  it  the  production  of  sulphuretted  hydrogen.  But  the 
drainage  of  the  sulphide  liquors  from  the  heaps  continues  to  kill 
all  life  in  the  water  courses.  Many  processes  have  been  tried 
to  turn  the  waste  calcium  sulphide  to  useful  account,  as  by 
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Gossage  in  1837,  at  Stoke  Works,  near  Bromsgrove,  followed  by 
SchafFner  in  Germany,  and  Mond  in  England.  The  latter  tried 
to  carry  on  intentionally  the  above  described  unintentional 
operations,  except  that  the  atmospheric  oxidation  was  to  be 
carried  on  so  far  that  there  should  be  sufficient  thiosulphate 
present  to  destroy  all  the  sulphuretted  hydrogen,  when  the 
waste  weak  acid  was  added,  and  consequently  the  combined 
sulphur  in  both  sulphurous  acid  and  sulphuretted  hydrogen 
was  precipitated  in  a  pure  and  useful  form.  When  waste 
weak  acid  was  no  longer  available  this  process  was  abandoned, 
and  it  was  not  till  1888  that  in  the  Chance-Claus  process  a 


Fill.  S-t. 


satisfactory  method  was  discovered  of  ending  the  nuisance  and 
recovering  the  contained  sulphur  in  a  form  of  much  greater 
value  than  that  in  which  it  was  introduced ;  the  process  is 
described  later  (pp.  301-303). 

151  (1)  The  Salt-cake  Process. — This  process  is  usually  com- 
menced in  large  cast-iron  pans  nine  feet  in  diameter  but 
scarcely  two  feet  deep.  Through  the  doorway  shown  in  the 
upper  left  hand  corner  of  Fig.  84  is  introduced  the  charge  of 
16  cwt.  of  common  salt,  and  on  to  this  is  run  the  quantity  of 
sulphuric  acid  necessary  to  decompose  it  completely.  This 
amounts  to  123'5  gallons,  or  1,800  lbs.  of  chamber  acid  having 
a  specific  gravity  of  1'42.     Torrents  of  hydrochloric  acid  are 
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given  off,  and  the  temperature  of  the  mass  rises  to  about  50°. 
All  the  strong  hydrochloric  acid  gas  which  is  thus  evolved, 
being  confined  by  the  brick  covering  of  the  pan,  the  closed 
charging  door,  and  the  closed  discharging  door  indicated  by  k 
in  Fig.  84,  passes  through  the  central  opening  in  the  cover, 
and  is  sucked  through  a  set  of  attached  earthenware  pipes  into 
the  hydrochloric  acid  condensing  towers,  described  under  the 
heading  of  Hydrochloric  Acid  (Vol.  I.,  p.  205).  When  the 
evolution  of  gas  begins  to  slow  down  the  pan  is  heated,  with 
considerable  precautions  to  avoid  local  overheating.  After 
about  one  hour's  heating  the  product  is  essentially  a  mixture  of 
sodium  hydrogen  sulphate  and  common  salt, 

2NaCl  +  H^SO,  =  NaHSO, + NaCl  +  HCl, 

which  will  not  react  further  unless  the  temperature  is  raised  to  a 


Fig.  85. 

much  higher  degree  than  the  cast-iron  pot  will  stand.  The 
mixture  is  therefore  raked  through  the  door  indicated  by  h, 
Fig.  84,  on  to  the  firebrick  hearth  of  an  adjacent  "roaster." 

The  roasters  were  at  first  simple  reverberatory  furnaces,  which 
have  since  been  modified  mainly  in  order  to  obtain  the 
strongest  possible  hydrochloric  acid  gas  which  is  easy  of  con- 
densation, but  also  to  avoid  contamination  of  the  salt-cake  with 
the  ashes  of  the  fuel.  The  older  forms  of  roasters  bemg  no 
longer  permitted  to  be  erected,  only  the  present  form,  due  to 
Deacon  of  Widnes,  is  described  ;  it  is  shown  in  Fig.  85.  The  fire- 
place is  built  contiguous  to,  but  several  feet  below  the  brick 
chamber  or  muffle  in  which  the  salt-cake  is  roasted  and  the  acid 
gas  is  evolved,  and  the  exhaust  flue  is  not  above,  but  under  the 
ground  level. 

With  these  modern  furnaces  it  is  comparatively  easy  so  to 
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regulate  the  draught  on  the  furnace  and  the  draught  on  the 
muffle  and  attached  condensers  that  the  pressure  in  the  flue 
round  the  muffle  is  slightly  greater  than  that  in  the  interior  of 
the  muffle,  thus  preventing  the  passage  of  the  acid  gas  from  the 
muffle  through  the  unavoidable  cracks  into  the  chimney, 
although  allowing  some  of  the  fire-gases  to  pass  into  the  muffle, 
but  in  such  regulated  quantity  that  they  do  not  interfere  with 
the  successful  working  of  the  condensation. 

Many  attempts  have  been  made  to  carry  out  the  manufacture 
of  salt-cake  in  mechanical  furnaces,  among  which  may  be 
mentioned  those  of  Jones  and  Walsh,  Cammack  and  Walker, 
and  Mactear.^  The  revolving  furnace  of  the  latter  has  been  the 
most  successful  in  practice,  and  consists  of  a  circular  revolving 
bed  covered  by  a  fixed  arch,  between  which  and  the  bed  the 
furnace  gases  pass.  The  salt  and  acid  are  constantly  fed  into  a 
large  cup  in  the  centre  of  the  hearth,  where  they  mix  and 
overflow  into  the  outer  portion  of  the  circle,  and  are  subjected 
to  the  action  of  the  hot  gases ;  by  means  of  fixed  stirrers  the 
mass  is  continuously  mixed  and  gradually  worked  to  the  circum- 
ference, over  which  it  then  falls.  The  action  is  thus  a  continuous 
one,  and  the  amount  of  hydrochloric  acid  evolved  is  therefore 
constant;  so  that  in  spite  of  the  fact  that  the  acid-gas  is  mixed 
with  the  whole  of  the  furnace  gases,  the  condensation  is  carried 
out  more  readily  and  a  more  concentrated  acid  is  obtained 
than  in  the  ordinary  process. 

Another  important  process  for  making  salt-cake  is  that  of 
Hargreavcs.  The  object  of  this  is  to  dispense  with  the  manu- 
facture of  sulphuric  acid,  and  it  depends  upon  the  fact  that, 
although  sulphur  dioxide  cannot  by  itself  decompose  salt,  it  is 
able  to  do  so  in  the  presence  of  oxygen  and  water,  if  sufficient 
time  be  allowed  for  the  reaction.  In  order  to  effect  this  decom- 
position, a  series  of  large  kilns  or  stoves,  built  of  brick,  is  so 
arranged  that  each  kiln  can  be  put  into  communication  with 
its  neighbour,  and  each  heated  by  a  fire.  Each  kiln  is  then 
filled  with  specially  prepared  cakes  of  dried  and  porous  salt,  and 
the  gases  from  the  pyrites  burners  are  led  directly  into  these 
kilns  arranged  in  series.  By  careful  attention  to  temperature 
and  to  the  quantity  of  air  and  steam  admitted  with  the  sulphur 
dioxide,  it  is  possible  to  decompose  the  salt  as  perfectly  as  by 
the  old  process  with  sulphuric  acid  : 

4NaCl  +  2SO,-f-2H,0  +  0,  =  2Na,S0, + 4HC1. 

'  Proc.  First  GeiiBral  Meeting,  Soc.  Chein.  Ind.,  1881,  26. 
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The  hydrochloric  acid  gas  is  separated  from  the  accompanying 
residual  nitrogen  in  the  hydrochloric  acid  condensing  towers. 
The  following  is  an  average  analysis  of  salt-cake  : 

NajS04     NaHS04     NaCl      CaSOj  Fe^O,  H^O 

and  insoluble 

95-27       1'48       1'35       0-92         0-32        018  =  9952. 

152  (2)  The  Black-ash  Process.— The  theory  of  this  process,  as 
given  by  Scheurer-Kestner  and  Pelouze,  is  a  simple  one,  so  far 
as  the  chief  products  are  concerned,  but  it  is  complicated  by 
many  secondary  reactions,  and  by  the  impurities  in  the  raw 
materials. 

When  the  salt-cake  is  heated  with  slack,  or  powdered  coal, 
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it  behaves  like  all  other  fairly  stable  sulphates,  being  converted 
into  the  corresponding  sulphide,  thus :  ^ 

Na^SO,  4-  2C  =  Na,S  +  200^, 

and  the  characteristic  part  of  the  Leblanc  process  is  the  heating 
of  the  sodium  sulphide  with  chalk  or  limestone  (calcium  carbon- 
ate), whereby  sodium  carbonate  and  calcium  sulphide  are  formed, 
of  which  the  former  is  exceedingly  soluble  in  water  at  a  little 
under  50°  C,  and  the  latter  is  insoluble  in  water  of  the  same 
temperature : 

Na^S  +  CaCOg  =  Na^COg  -f  CaS. 

In  practice  these  two  reactions  are  made  to  take  place 
simultaneously,  by  mixing  about  10  parts  by  weight  of  salt-cake, 
10  parts  of  limestone,  and  5-7  parts  of  coal,  and  heating  the 
same  in  a  reverberatory  furnace,  termed  a  balling  furnace. 
The  right-hand  halves  of  Figs.  8(j  and  87  show  the  elevation 
and  longitudinal  section  of  such  a  furnace,  and  Fig.  88  shows 

1  Kolb,  Ann.  Chim.  Phya.,  1866  (4),  7,  118  ;  Luuge  and  Fi.scher,  see  Lunge, 
Sulphuric  Acid  and  Alkali,  1909,  Vol.  II.,  Part  ll.,  p.  521. 
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the  transverse  section  on  the  line  A  B  looking  towards  the  fire- 
place. 

After  exposure  to  the  reducing  flames  from  the  furnace  for 
two  hours,  with  frequent  stirring,  the  end  of  the  operation  is 
indicated  by  the  appearance  of  yellow  flames  or  "  candles  "  on 
the  surface  of  the  melt,  due  to  the  formation  of  carbonic  oxide 


Fig.  87. — Longitudinal  Section  tlirough  Fig.  86. 

at  the  elevated  temperature  of  the  furnace  by  the  action  of 
carbon   on  calcium  carbonate  : 

C  +  CaC03  =  2CO-|-CaO; 

this    evolution    of  gas    is    also  of  importance    for    the  subse- 
quent lixiviation  of  the  black-ash,  as  it  renders  the  mass  porous. 


Fig.  88. 
Section  througli  A  B  of  Fig.  87. 


Fiii.  89. 
Section  through  C  D  of  Fig.  86. 


The  liquid  mass  is  scraped  out  into  iron  barrows  or  trucks  and 
allowed  to  cool,  and  in  this  state  is  known,  from  the  colour  of 
the  mass,  as  black-ash  ball. 

In  place  of  the  old  black-ash  furnace  or  balling-furnace,  in 
which  the  mixing  of  the  materials  is  effected  by  hand  labour, 
a  furnace  termed  a  revolving  black-ash  furnace  is  now  largely 
employed,  the  general  arrangement  of  which  is  shown  by  the 
left-hand  side  of  Fig.  90  and  in  Fig.  91  and  also  in  Figs.  93, 
and  94.  In  this  the  mixing  of  the  materials  is  effected 
mechanically.      The  charge  of   about  4-  tons  is  introduced  by 
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means  of  a  hopper  into  a  large  horizontal  cylinder  (b),  through 
which  flames  frona  a  furnace   (a)   are   allowed   to  pass;  this 


C 


o 


cylinder,  worked  by  an  engine  (c),  revolves  first  at  a  slow  rate, 
afterwards  increasing  to  a  maximum  velocity  of  five  or  six 
revolutions  per  minute.      The  cylinder  is  from  10  to  12  feet  in 
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diameter  and  generally  from  15  to  18  feet  long,  but  they  have 
also  been  made  up  to  30  feet  long.^  Each  charge  takes  about 
two  hours,  and  when  completed  the  charging  hole  in  the  side 
of  the  cylinder  is  opened,  and  by  slowly  moving  the  cylinder  to 
bring  the  hole  lower  and  lower,  the  fused  mass  is  forced  to  flow 
into  a  series  of  iron  tracks  placed  beneath  it.  Another  method 
of  heating  the  black-ash  revolver  is  shown  in  Fig.  93  and  in 
the  left-hand  side  of  Fig.  94.  In  this  arrangement  the 
revolver  (f)  is  fed  with  gas  from  a  Siemens  gas-furnace,  and  the 
regenerators  (nn)  for  the  recovery  of  the  waste  heat  are  placed 
below  the  revolver. 

The  advantages    of  the    revolving  black-ash    furnace    over 
the  hand-worked  ones  consist  chiefly  in  the  saving  of  labour 


and  the  production  of  a  material  which  possesses  a  more 
constant  composition.  The  best  results  are  obtained  by  adding 
for  a  given  quantity  of  salt-cake  a  considerable  excess  of  coal, 
as  this  bums  away  prematurely,  but  only  the  theoretical  amount 
of  limestone ;  when  the  reaction  is  complete,  there  is  added  to 
each  100  parts  of  salt-cake  originally  taken  a  further  quantity 
of  7  parts  of  salt-cake  and  7  parts  of  limestone.  The  addition 
of  the  salt-cake  destroys  the  cyanides  formed  from  the  nitrogen 
of  the  coal  by  utilising  their  powerful  reducing  action : 

2NaCN  +  Na^SO,  =  Na^COg + Na^S  +  CO  -f-  N^, 

1  Smith,  Journ.  Soc,  Chem.  Ind.,  1887,  6,  416. 


THE   BLACK-ASPT  PROCESS 


295 


f^ 


296  THE  ALKALI  MANUFACTURE 

while  the  addition  of  the  limestone  causes  the  evolution  of 
carbon  monoxide  to  make  the  candle  flames,  and  produces  a 
limited  amount  of  quicklime,  both  of  which  aid  the  subsequent 
lixiviation  of  the  black-ash. 

Black-ash  contains  as  principal  constituents  36  to  45  per 
cent,  sodium  carbonate,  and  28  to  31  percent,  calcium  sulphide; 
as  remnants  of  the  ingredients,  0'5  to  1"5  per  cent,  sodium 
sulphate,  1  to  7  per  cent,  coal,  and  3  to  6  per  cent,  limestone ; 
as  unchanged  impurities  of  the  ingredients  1"5  to  2"5  per  cent, 
sodium  chloride,  1  to  1'5  per  cent,  iron  as  oxides,  1  to  2  per  cent, 
aluminium  silicate,  1  to  2  per  cent,  sand,  and  about  0'5  per  cent, 
magnesia ;  as  intentional  secondary  product  8  to  10  per  cent, 
calcium  oxide;  as  unintentional  secondary  products  1'5  to  2-5 
per  cent,  sodium  silicate,  0"5  to  16  per  cent,  sodium  aluminate, 
1  per  cent,  sodium  ferrous  sulphide,  and  small  quantities  of 
sodium  cyanide  and  sodium  thiocyanate  from  the  nitrogen  of 
the  coal,  also  ultramarine. 

153  (3)  Lixiviating  the  Black-ash. — The  next  operation 
consists  in  the  treatment  of  black-ash  with  water.  The  cakes 
are  broken  up,  and  to  facilitate  this  they  are  first  allowed  to 
stand  in  the  air  for  some  considerable  time,  when  they  absorb 
water  and  begin  to  split  up  spontaneously.  The  water  must  be 
at  a  temperature  of  about  40°  C,  because  if  employed  much 
hotter  Leblanc's  reaction 

Na^S  +  CaCO,  =  Na^COg  +  CaS 

begins,  though  very  slowly,  to  be  reversed,  that  is 

Na^COg  +  CaS  =  Na^S  +  CaCOj. 

During  lixiviation  heat  is  evolved  and  the  temperature  rises  to 
about  60°,  and  as  local  temperatures  must  be  still  higher,  it 
can  be  understood  why  the  black-ash  liquors  always  contain 
appreciable  amounts  of  sodium  sulphide.  The  amount  of  water 
used  must  be  limited  in  quantity  so  as  to  obtain  sufficiently 
strong  solutions ;  but  in  limiting  the  water  the  moistened 
black-ash  must  not  be  allowed  to  project  through  the  liquor 
surface  into  the  air,  because  it  would  then  absorb  oxygen  with 
great  rapidity ;  even  the  liquors  absorb  oxygen,  and  hence, 
and  also  because  of  the  reversal  of  the  reaction,  the  lixiviation 
has  to  be  conducted  as  quickly  as  possible  ;  the  products  of  the 
oxidation  are  sodium  polysulphides,  thiosulphate,  sulphite,  and 
sulphate.     A  series  of  vats  is  employed  in  which  the  broken 
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black-ash  is  placed  ;  water  is  allowed  to  flow  on  to  that  portion 
of  the  ash  which  by  previous  operations  has  already  been  nearly 
exhausted,  and  the  liquor,  slightly  increased  in  specific  gravity, 
falls  to  the  bottom  of  the  tank,  whence  it  flows  by  a  pipe  to  a 
slightly  lower  level  in  the  second  tank.  Here  and  in  the 
succeeding  tanks  the  same  actions  occur,  until  in  the  last 
tank  the  strong  liquor  coming  into  contact  with  the  fresh 
black-ash,  is  brought  up  to  full  strength,  and  then  flows 
from  the  bottom  of  that  tank  by  a  pipe  which  rises  a  certain 
height.  The  height  is  so  adjusted  that  a  steady  flow  of  liquor 
passes  through  all  the  tanks  continuously ;  owing  to  the  increas- 
ing specific  gravity  of  the  liquor,  the  liquor  level  in  each 
tank  adjusts  itself  a  little  lower  than  in  the  preceding  tank. 
The  final  liquor  has  a  specific  gravity  of  about  1'3  and  is 
always  coloured.  The  average  time  needed  for  the  lixiviation  of 
a  charge  is  about  forty-eight  hours.  The  residue  remaining  in 
the  vats  is  known  as  alkali  waste,  and  is  described  on  page  301. 
During  the  lixiviation  the  caustic  lime  transforms  a  considerable 
quantity  of  the  sodium  carbonate  into  caustic  soda : 

CaO  -1-  Na^COg  +  Hp  =  2NaOH  +  CaCO^. 

Hence  about  one-third  of  the  total  amount  of  soda  present  in 
the  liquor  exists  as  caustic  soda. 

Besides  these  main  constituents,  the  liquor  contains  the 
following  impurities,  the  approximate  quantities  being  given  in 
grams  per  litre : 

NaCl      Na^SOj        Na^SiOs      Na,S      NaAlOa      Na2S.,03     NajFeCys 

20         13  4-8  4  3-8  16  03 

NaSCN      Na,S.FeS 
0-2  0-1. 

154  (4)  Purifying  the  Blach-ash  Zig'Mon— The  black-ash 
liquor  may  be  made  to  yield  directly  a  deposit  of  soda  crystals, 
but  its  many  impurities  cause  the  crystals  to  be  discoloured  and 
impure;  hence  many,  and  very  various,  methods  have  been 
adopted  to  purify  the  crude  liquor. 

(a)  Keeping  the  liquors  warm  and  allowing  to  settle  causes 
a  deposit  of  undissolved  fragments  from  the  black-ash,  also  of 
ferrous  sulphide  and  sodium  aluminium  silicate. 

(h)  Acting  on  the  liquor  with  carbonic  acid  gas,  for  the  pur- 
pose (1)  of  converting  the  caustic  soda  into  sodium  carbonate, 
(2)  of  converting  sodium  sulphide  into  sodium  carbonate  with 
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evolution  of  sulphuretted  hydrogen  gas,  (3)  of  decomposing 
the  sodium  ferrous  sulphide  into  sodium  carbonate  and  insoluble 
sulphide  of  iron,  (4)  of  decomposing  sodium  silicate  and  sodium 
aluminate  into  sodium  carbonate  and  insoluble  silica  and 
alumina,  or  compounds  of  the  same.  The  carbonic  acid  gas  was 
obtained  from  limestone  and  waste  weak  hydrochloric  acid,  and 
since  that  failed,  from  lime  kilns  or  from  the  waste  flue  of  any 
furnace.  The  gas  was  sometimes  blown  through  the  liquor, 
but  more  often  it  was  passed  into  towers  packed  with  coke  over 
which  the  soda  liquor  was  allowed  to  flow.  If  the  gas  employed 
contains  oxygen  also,  that  will  be  absorbed  by  the  sulphides,  to 
form  polysuiphides,  thiosulphates,  sulphites,  and  sulphates. 
This  process  has  been  in  use  since  1838.  In  1881  the  decom- 
position of  the  sodium  silicate  was  aided  by  the  addition  of 
bauxite  (a  native  hydrate  of  alumina). 

(c)  Acting  on  the  liquor  with  air,  for  the  purpose  of  con- 
verting the  sodium  sulphide  and  sodium  ferrous  sulphide  into 
the  various  sulphur  compounds  just  named,  and  ultimately  into 
sodium  sulphate  and  oxide  of  iron.  This  method  was  used  in 
1853  by  Gossage.  The  action  of  the  air  was  sometimes  aided 
by  adding  precipitated  manganese  dioxide  (Weldon  Mud). 

{d)  Addition  of  zinc  or  zinc  oxide,  both  of  which  are  soluble 
in  caustic  soda  solutions,  to  decompose  the  sodium  sulphide, 
sodium  ferrous  sulphide  and  sodium  ferrocyanide,  with 
formation  of  insoluble  zinc  sulphide,  iron  sulphide,  and  zinc 
ferrocyanide. 

(«)  Heating  the  liquor  to  180°C.  under  pressure  (after  it  has 
been  carbonated  as  above),  whereby  the  ferrocyanides  are 
destroyed  by  very  complicated  reactions. 

After  any  of  these  treatments  the  liquor  is  allowed  to  settle, 
when  the  still  warm  and  clarified  liquor  may  be  drawn  off  and 
crystallised  by  cooling. 

Finishing  the  Black-ash  Liquor. — The  course  adopted  has 
varied  much  at  different  times  and  at  different  works,  and  it  is 
regulated  more  by  trade  than  by  scientific  requirements. 

The  purified  liquors  may  be  allowed  to  cool,  and  deposit 
washing  soda  crystals,  Na.^COg.lOHgO,  which  with  draining  and 
slight  washing  are  then  ready  for  the  market.  Th^  mother 
liquors,  being  then  much  more  impure,  are  worked  up  by  one 
of  the  following  methods. 

The  liquors  are  more  frequently  evaporated  to  deposit 
crystals  of  the  monohydrate,  Na2C03,H20,  from  the  liquor  while 
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it  is  still  boiling,  and  for  this  purpose,  the  waste  heat  of  the 
black-ash  furnace  is  employed.  Large  iron  pans,  shown  at 
D  in  Fig.  86,  in  Fig.  87  on  the  left  side,  and  89,  at  dd  in 
Figs.  90  and  92,  and  at  p  in  Fig.  94,  are  kept  filled  with  the 
liquor,  and  a?  the  temperature  rises  and  the  water  steams  off, 
the  hydrate  NajCOg.lOH^O  ceases  to  exist  and  minute  crystals 
of  sodium  carbonate  monohydrate,  NaaCOg.HgO,  deposit  until 
the  pan  is  filled  with  a  thick  magma  of  these  and  the  mother 
liquor.  It  is  on  account  of  this  thick  magma  of  crystals  that 
the  English  arrangement  of  setting  the  evaporating  pans 
is  adopted,  that  is,  the  pan  is  not  heated  from  below,  but  the 
liquor  is  heated  from  above,  the  fire  gases  coming  into  actual 
contact  with  the  liquor.  The  doors  in  the  pan  sides  shown  in 
the  several  figures  are  then  opened,  and  the  contents  are 
raked  out  into  the  drainer  (e  in  Figs.  90  and  92  and  E  in 
Fig.  94),  and  there  allowed  to  drain  ;  the  mother  liquor  from 
the  crystals  contains  largely  increased  amounts  of  caustic  soda 
and  of  salt  compared  with  the  sodium  carbonate,  and  it  is  either 
treated  with  sawdust  and  evaporated  to  dryness  for  the  purpose 
of  ultimately  making  a  low  grade  ash,  or  else  it  is  evaporated 
to  dryness  without  any  such  addition  to  obtain  ultimately  a 
product  known  as  "  caustic  ash."  By  special  attention  the 
monohydrate  crystals  may  be  obtained  in  a  condition  of  great 
purity,  and  after  well  draining  and  slight  washing  they  are  sent 
into  the  market  under  the  name  of  "  crystal  carbonate." 

By  heating  the  monohydrate  in  a  reverberatory  furnace  it  is 
converted  into  the  anhydrous  sodium  carbonate,  Na^COg,  com- 
mercially known  as  "  soda  ash."  Monohydrate  containing 
sodium  ferrous  sulphide  or  sodium  ferrocyanide  always  gives  an 
ash  coloured  yellow  by  ferric  oxide. 

When  soda  ash  is  to  be  used  for  cleaning  wool  it  must  be 
particularly  free  from  caustic  soda,  but  if  it  is  to  be  used  for 
soap  or  paper-pulp  making,  the  presence  of  even  a  considerable 
amount  of  caustic  soda  is  an  advantage. 

155  Production  of  Caustic  Soda  from  Black-ash  Liquor. — 
A  totally  different  method  of  dealing  with  the  caustic  soda 
found  in  black-ash  liquor  was  initiated  by  Gossage  in  1853. 
Taking  the  mother  liquor  from  the  monohydrate  crystals  with 
its  high  accumulated  contents  of  caustic  soda  already  referred  to, 
he  continued  the  evaporation,  but  as  any  "  salt "  was  deposited, 
whatever  its  nature,  it  was  fished  out  with  perforated  ladles 
and  so  removed,  until  the  residual  caustic  soda,  which  is  the 
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most  soluble  of  all  the  constituents  of  the  liquor,  became  so 
concentrated  that,  on  cooling,  the  whole  set  into  a  solid  mass, 
still  containing  10  to  15  per  cent,  water.  This  was  the  first 
solid  caustic  soda  made  commercially,  and  was  known  as  "  cream 
caustic  " ;  it  did  not  contain  more  than  60  per  cent,  alkali  (Na^O), 
and  was  blue,  green,  yellow,  or  red,  but  never  white. 

As  the  uses  for  solid  caustic  soda  rapidly  extended,  the 
black-ash  was  so  mixed  as  to  yield  more  caustic  soda  in  the 
liquor ;  and  lastly,  instead  of  evaporating  the  black-ash  liquor 
to  recover  what  sodium  carbonate  it  contained,  it  was  diluted 
considerably  till  only  of  about  1'09  specific  gravity,  and  the 
sodium  carbonate  present  was  then  causticised  by  adding  the 
necessary  amount  of  lime  and  heating  : 

Na^COg  +  Ca(0H)2  =  2NaOH  -|-  CaCOg. 

After  this  the  mixture  was  blown  with  air  to  oxidise  the 
sulphides  of  sodium  and  iron,  allowed  to  settle,  and  the  liquors 
evaporated.  During  the  evaporation  some  of  the  impurities, 
consisting  of  sodium  sulphate  and  chloride,  and  also  the  small 
amount  of  sodium  carbonate  always  remaining  unacted  on  by 
the  lime,  crystallise  and  are  fished  out  or  allowed  to  settle ;  the 
purer  liquid  in  the  last  stages  of  the  evaporation  is  oxidised  by 
a  current  of  air  or  by  nitre,  whereby  sulphides  are  converted 
into  sulphate,  whilst  ferrocyanide  is  destroyed  with  separation  of 
graphite,  and  a  red  precipitate  of  ferric  oxide  is  thrown  down. 
When  the  caustic  has  become  anhydrous  the  separation  of  the 
iron  is  complete,  as  was  first  pointed  out  by  Ralston  in  1860, 
and  the  addition  of  less  than  a  handful  of  nitre  or  of  sulphur 
will  cause  a  large  pot  holding  16  tons  of  molten  caustic  to 
change  from  yellow  through  white  to  green  or  vice  versd.  After 
partial  cooling,  during  which  the  ferric  oxide  settles,  the  still 
molten  caustic,  colourless  as  water,  is  ladled  into  thin  sheet-iron 
drums.  White  caustic  soda  was  first  manufactured  largely  in 
1862.  By  great  attention  to  the  methods  of  purification  the 
caustic  soda  now  manufactured  is  made  to  contain  as  much  as 
76  per  cent,  alkali,  but  various  other  strengths  are  made, 
down  to  60  per  cent,  alkali.  Sodium  carbonate  is  no  longer 
the  principal  product  of  the  Leblanc  process,  but  sodium 
hydroxide. 

Alder  Wright  has  made  a  series  of  experiments  on  the  loss 
of  sodium  occurring  in  the  Leblanc  processes.  He  believes  it 
to  be  as  follows  ;  — 
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Sodium  compounds  vaporised     .  .     1-14  per  cent. 

Sodium  sulphate  undecomposed  .     3'49       „ 

Sodium  compounds  rendered  insoluble     5'44       „ 


10-07 


156  Alkali  Waste  and  its  Utilisation. — The  waste  has  a 
variable  composition,  but  its  nature  may  be  seen  from  the 
following  analyses,  the  first  from  a  black-ash  charge  made  for 
carbonate,  and  the  second  from  a  charge  made  for  mixed 
caustic  and  carbonate  : — 

CaS.         CaCOa.  Moisture.  Coke.  Ca(0H)2.  Na.,C0a.CaC0.„5H„0  Sundries. 

30-17      18-53     33-79     846      1-22         '      4-01  "      "      4  51 
26-46      22-26     3298     3-84      6-33  563  3-31 

The  double  carbonate  of  sodium  and  calcium  occurs  native  as 
Gay-Lussite  in  certain  Salt  Lake  deposits,  and  this  compound 
is  the  cause  of  the  loss  from  sodium  compounds  rendered 
insoluble.  To  avoid  its  formation  the  amount  of  lime  in  the 
black -ash  charge  is  reduced  to  a  minimum. 

For  every  ton  of  soda-ash  there  are  one  and  a  half  to  two 
tons  of  waste  produced,  and  this  accumulates  in  enormous 
quantities. 

The  present  method  of  utilising  alkali  waste  is  due  to  Chance, 
who  after  years  of  experimental  work  at  Oldbury,  near  Bir- 
mingham, has  devised  a  process  that  has  been  adopted  by  m^ny 
large  English  and  French  works.  The  waste  gas  from  lime- 
kilns, containing  about  28  per  cent,  carbon  dioxide  and  72  per 
cent,  nitrogen,  is  forced  by  powerful  pumps  through  a  series  of 
from  four  to  six  tall  closed  cylinders  containing  a  thin  creamy 
mixture  of  alkali  waste  and  water.  The  first  action  of  the  gas 
is  to  convert  the  calcium  sulphide  into  hydrosulphide  and 
carbonate : 

2CaS  +  H2O  +  CO2  =  Ca(SH).2  -h  CaCO.,. 

The  nitrogen,  the  only  gas  remaining  at  this  stage,  is 
sometimes  allowed  to  escape,  so  as  to  increase  the  strength  of 
the  sulphuretted  hydrogen  ultimately  obtained  ;  40  per  cent,  of 
the  nitrogen  otherwise  necessarily  present  being  thus  actually 
eliminated.  The  second  action  of  the  carbon  dioxide  is  to 
convert  the  calcium  hydrosulphide  into  calcium  carbonate  and 
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sulphuretted  hydrogen,  which  necessarily  is  admixed  with  the 
nitrogen  that  accompanied  the  carbonic  acid  : 

Ca(SH)2  +  CO2  +  H^O  =  CaCOg  +  2H2S. 

As  it  is  not  possible  to  separate  these  two  processes  completely, 
the  strongest  gas  obtainable  contains  : 

H2S.  CO2.  N. 

33'5  1-7  64-8 

but  if  no  attempt  is  made  to  separate  the  two  processes,  the 
resultant  gas  contains  only  25  per  cent,  sulphuretted  hydrogen. 
The  residual  "  cream  "  from  the  carbonating  towers  is  entirely 
free  from  sulphides,  and  is  filtered  in  presses  so  as  to  obtain : 

(1)  a  clear  liquid  containing  about  2  per  cent,  of  sodium  bicar- 
bonate, which  is  used  to  dissolve  fresh  charges  of  black -ash,  and 

(2)  cakes  of  innocuous  calcium  carbonate.  This  material  is 
usually  stacked  in  waste  heaps,  though  some  has  been  used  in 
the  making  up  of  the  black-ash  charge,  and  some  for  making 
Portland  cement. 

The  second  part  of  the  Chance  process  consists  in  so  burning 
the  sulphuretted  hydrogen  as  to  produce  sulphur  and  water : 

2H2S-h02  =  2S-|-2H20. 

Since  the  air  used  in  burning  the  sulphuretted  hydrogen 
contains  about  four-fifths  its  volume  of  nitrogen,  it  is  clear  that, 
start  even  with  the  strongest  gas  obtainable  (see  above),  the 
proportion  of  nitrogen  to  sulphuretted  hydrogen  in  the  mixture 
submitted  to  combustion  will  be  at  least  4:1  by  volume. 
The  combustion  is  carried  on  continuously  in  a  kiln,  called 
the  Glaus  kiln,  lined  with  fire  bricks,  and  provided  with  a  false 
bottom,  on  which  rests  a  layer  of  broken  brick,  and  then  a 
thinner  layer  of  oxide  of  iron,  which  acts  as  a  catalytic  agent, 
and  enables  the  reaction  to  proceed.  The  gas  and  air  are 
led,  each  in  carefully  regulated  quantity,  under  the  false 
bottom,  where  they  are  kindled ;  the  heat  evolved  by  the 
reaction  maintains  the  necessary  temperature  of  the  kiln.  A 
portion  of  the  sulphur  runs  molten  from  the  kiln,  the  rest 
distils  off  with  the  water,  and  by  passing  the  vapours  through 
cooling  chambers  the  sul  phur  is  condensed,  partly  in  the  molten 
form,  and  partly  in  the  form  of  "  flowers."  If  the  kiln  is  made 
to  do  too  large  an  amount  of  work,  its  temperature  rises  higher, 
and  a  new  reaction  sets  in : 

3S-l-2H,0  =  SO„-l-2H,S, 
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which  leads  to  a  loss  of  about  12  per  cent,  of  the  sulphur  in  the 
exit  gases. 

In  practice  not  only  do  the  exit  gases  from  the  Glaus  kiln 
always  contain  small  but  appreciable  quantities  of  sulphuretted 
hydrogen  and  sulphur  dioxide,  but  the  waste  nitrogen  from  the 
carbonating  towers  is  liable  to  contain  sufficient  sulphuretted 
hydrogen  to  create  a  nuisance,  if  the  carbonators  are  worked  so 
as  to  produce  a  strong  sulphuretted  hydrogen.  These  draw- 
backs have  been  overcome  by  burning  the  small  amount  of 
sulphuretted  hydrogen  to  sulphur  dioxide,  and  either  absorb- 
ing this  and  the  sulphur  dioxide  originally  present  in  a  tower 
containing  limestone  and  water,  and  running  the  resultant  weak 
acid  calcium  sulphite  to  waste,  or  utilising  the  sulphur  dioxide 
for  the  production  of  sulj)huric  acid. 


Ckyolite  Process. 

157  Cryolite,  or  sodium  aluminium  fluoride,  3NaF,AlFg,  a 
mineral  mined  only  in  Greenland  to  the  extent  of  6,000  to 
7,000  tons  per  annum,  is  used  as  the  raw  material  for  the 
manufacture  of  a  limited  amount  of  sodium  carbonate.^  The 
process,  devised  by  Thomsen  of  Copenhagen  in  1849,  and  first 
utilised  on  a  large  scale  in  1854,  is  founded  on  the  fact  that 
when  this  mineral  is  heated  with  chalk,  carbon  dioxide  escapes, 
leaving  behind  a  mixture  of  calcium  fluoride  and  sodium 
aluminate : 

2(3NaF,  AIF3)  +  eCaCOj  =  (3Na,0,  Aip^)  +  GCaF^  +  eCO^. 

The  sodium  aluminate  is  separated  from  the  calcium  fluoride  by 
lixiviation  and  the  solution  carbonated  with  carbon  dioxide. 
There  is  thus  obtained  a  solution  of  sodium  carbonate  ready  for 
evaporation  to  the  crystallising  point,  and  a  granular  precipitate 
containing  45  per  cent,  of  alumina,  20  per  cent,  of  sodium 
carbonate,  and  35  per  cent,  of  water,  from  which  the  sodium 
carbonate  is  extracted  by  long-continued  washing  with  hot 
water. 

In  1865  the  monopoly  for  the  cryolite  was  obtained  by  a 
firm  near  Pittsburg,  and  hardly  any  soda  is  made  from  it  else- 
where. 

1  Diiiijl.  Polyt.  Journal,  1862,  166,  44L 
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Ammonia-Soda  Process. 

158  This  process  consists  in  passing  carbon  dioxide  into  a 
solution  of  sodium  chloride  containing  ammonia ;  ammonium 
carbonate  and  ultimately  ammonium  bicarbonate  is  formed, 
which  then  enters  into  double  decomposition  with  the  sodium 
chloride  to  form  sodium  bicarbonate  : 

NH.HCOg + NaCl  =  NaHCOa + NH.Cl. 

Sodium  bicarbonate  being  very  slightly  soluble  in  a  solution  of 
either  ammonium  chloride  or  sodium  chloride  separates  out, 
and  after  mechanical  removal  of  the  mother-liquor  may  be  con- 
verted by  calcining  into  the  normal  carbonate  and  carbon 
dioxide,  which  last  is  used  again  in  the  first  part  of  the  pro- 
cess. The  mother-liquors,  containing  ammonium  chloride  and  a 
considerable  proportion  of  unaltered  sodium  chloride,  are  heated 
with  lime,  and  the  ammonia  thus  recovered  is  used  again  in 
the  first  part  of  the  process.  The  only  essential  waste  product 
is  therefore  a  solution  of  calcium  and  sodium  chlorides. 

Simple  as  the  process  is  from  a  chemical  point  of  view, 
the  practical  difficulties,  of  a  mechanical  nature,  were  so 
great  that,  although  the  process  was  patented  in  1838  by  Dyer 
and  Hemming,  it  was  not  until  1855  that  it  was  first  practically 
carried  out  by  Schloessing  and  EoUand  near  Paris.  They  did 
not  however,  succeed  in  overcoming  the  numerous  practical 
difficulties  surrounding  the  subject,  and  abandoned  the  process 
in  1857.  The  credit  of  having  brought  the  process  to  an 
economical  issue  belongs  to  Solvay,  who  in  1861  took  out  his 
first  patent,  in  1863  erected  his  first  factory  near  Brussels,  and, 
after  five  years  of  incessant  work  under  trying  circumstances, 
had  made  the  apparatus  sufficiently  satisfactory  to  continue  the 
running  of  the  process.  In  1872  he  took  out  further  patents, 
which  made  the  process  really  successful,  so  that  he  was  enabled 
to  build  a  very  large  factory  near  Nancy ;  and  in  1873  it  was 
recognised  that  the  Leblanc  process  had  met  with  a  permanent 
and  powerful  rival.  In  1872  Solvay's  output  was  only  10  tons 
of  soda  per  day,  but  in  1888  the  Solvay  Syndicate  Works  in 
England  were  reported  to  make  125,000  tons,  while  those  on 
the  Continent  made  245,000  tons,  and  those  in  America  60,000 
tons,  a  total  of  430,000  tons  out  of  the  world's  total  production 
of  900,000  tons  by  all  processes;  in  1900  the   production  of 
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ammonia-soda  amounted  to  900,000  tons,  while  the  total  by  all 
processes  was  only  1,500,000  tons.  The  works  started  in 
England  under  Solvay's  patents  were  those  of  Messrs.  Mond, 
afterwards  Brunner,  Mond  &  Co.,  at  Northwich ;  they  com- 
menced operations  in  1874  and  were  the  first  works  to  use 
natural  brine  direct;  various  improvements  introduced  by 
L.  Mond  enabled  their  output  to  be  increased  from  2,500  tons 
in  1875  to  169,000  tons  in  1892.  Owing  to  the  erection  of 
other  ammonia-soda  works  in  this  country  the  output  of 
ammonia-soda  steadily  rose  until  in  1895  it  reached  428,614 
tons,  thus  exceeding  the  408,173  tons  produced  by  the  Leblanc 
process.  In  1904  the  British  ammonia-soda  works  consumed 
1,703,805  tons  of  salt  as  such  or  in  the  form  of  brine.  Many 
minor  modifications  have  been  introduced  by  numerous  manu- 
facturers, and  the  processes  conducted  in  the  ammonia-soda 
works  of  to-day  contain  many  details  differing  from  Solvay's 
original  proposals. 

The  advantages  of  the  process,  over  the  Leblanc  process,  are : 
(1)  that  the  cost  of  manufacture  is  less,  chiefly  because  of  the 
use  of  the  brine  pumped  directly  from  the  salt  beds  and 
because  of  the  smaller  amount  of  fuel  required  ;  (2)  that  it  gives 
rise  to  no  noxious  by-products,  and  (3)  that  it  yields  a  purer 
product.  The  disadvantages  of  the  process  are :  (1)  great  care 
has  to  be  exercised  to  avoid  any  considerable  loss  of  ammonia, 
the  cost  of  which  is  relatively  very  high  ;  (2)  the  whole  of  the 
chlorine  of  the  sodium  chloride  is  lost,  as  no  simple  and 
economical  process  has  yet  been  devised  for  recovering  it  from 
the  calcium  chloride  on  a  very  large  scale,  notwithstanding 
numerous  attempts,  some  of  which  have  been  partially  suc- 
cessful (see  the  Weldon-Pechiney  process.  Vol.  I.,  p.  180,  and 
Brunner  Mond's  process,  this  vol.,  p.  310)  ;  (3)  the  proportion  of 
salt  used  per  ton  of  sodium  carbonate  made  is  much  greater 
than  in  the  Leblanc  process. 

Brine,  pumped  direct  from  the  mine,  always  contains  minor 
constituents  that  cause  considerable  trouble.  The  constituents 
(grams  per  litre)  contained  in  a  typical  sample  are  :— 

NaCl  CaSO,  CaCl,  MgCl^ 

290  4-5  2-1  on. 

By  treatment  with  milk  of  lime  and  subsequent  settling,  the 
magnesium  chloride  may  be   converted  into  calcium  chloride 
and    magnesium  hydroxide,  and  the  latter  removed.     By  th" 
VOL.  II. 
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subsequent  addition  of  either  sodium  carbonate,  or  of  liquors 

containing  ammonium  carbonate, 
the  bulk  of  the  calcium  salts  are 
precipitated  as  calcium  carbonate 
and  this  also  is  removed  by  settling. 
The  purified  brine  must  not  be  too 
strong,  because  otherwise  the  addi- 
tion of  ammonia  gas  would  so  reduce 
the  solubility  of  the  sodium  chloride 
as  to  cause  some  of  it  to  crystallise 
out.  Whether^  water  requires  to 
be  added  or  not  depends  upon  the 
manner  of  preparing  the  ammonia 
gas,  because  this  may  bring  with 
it  larger  or  smaller  proportions  of 
water  vapour. 

The  apparatus  patented  by  Solvay 
in  1872  for  saturating  the  brine 
with  ammonia  has  by  a  number  of 
changes  been  simplified  and  ren- 
dered less  liable  to  interruptions 
from  the  residues  of  the  lime  and 
magnesia  salts  just  referred  to. 
The  apparatus  is  sometimes  a 
simple  vertical  tank  containing  the 
purified  brine,  into  the  bottom  of 
which  the  ammonia  gas  is  forced 
by  pressure  generated  in  the  still 
where  the  gas  is  made.  Sometimes 
it  is  a  tower  subdivided  by  many 
partitions  over  which  the  liquor 
flows  gradually  downwards,  while 
the  ammonia  gas  at  almost  a;tmos- 
pheric  pressure  passes  up  the  tower. 
Whatever  the  form  of  the  apparatus, 
the  solution  becomes  warm,  and  by 
various  cooling  devices  is  partially 
cooled.  Owing  to  the  residual  lime 
and  magnesia  salts  in  the  brine,  a 
precipitate  of  the  carbonates  of 
which   is   prevented   from   becoming 
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Fig.  95. 


these  metals   is   formed, 

admixed  with  the  sodium  bicarbonate  subsequently  formed  by 
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passing  the  ammoniacal  brine  through  a  series  of  settling 
tanks,  from  the  conical  bottoms  of  which  the  mud  may  be 
drawn  off.  The  resulting  liquor,  containing  an  average  of  60 
grams  NHg  and  270  grams  NaCl  per  litre,  is  run  into  a 
montejus,  whence  it  is  forced  by  gas  pressure  from  the  carbon 
dioxide  mains  into  the  carbonating  tower. 

The  form  of  carbonating  tower  introduced  by  Solvay  is  shown 
in  Fig.  95,  and  consists  of  a  large  number  of  superposed 
cylindrical  compartments  or  drums,  one  of  which  is  shown  on 
a  larger  scale  in  Fig.  96.  The  bottom  of  each  compartment 
has  a  large  circular  opening  in  the  centre,  over  which  is  a 
perforated  sieve  having  the  shape  of  a  spherical  segment,  which 


is  supported  by  light  stays  and  does  not  quite  reach  the  inner 
wall  of  the  drum.  The  ammoniacal  brine  enters  some  distance 
below  the  top  of  the  tower  by  the  pipe  c,  and  fills  the  tower 
nearly  to  the  top.  The  carbon  dioxide,  forced  in  at  the 
bottom  under  a  pressure  of  1'5 — 2'5  atmospheres,  is  divided 
by  the  sieve  holes  into  numerous  small  streams,  which  pass 
through  the  brine  and  reunite  in  the  large  central  opening 
of  the  next  compartment;  this  subdivision  of  the  gas  is 
repeated  in  each  compartment.  But  as  the  holes  in  the 
Solvay  tower  after  about  a  fortnight's  work  get  plugged  up 
with  a  scale  of  sodium  bicarbonate,  the  process  has  to  be  stopped 
and  the  towers  washed  out  with  boiling  water,  and  then  allowed 
to  cool. 

To  obviate  this  difficulty  other  forms  of  carbonator  are  used 

X  2 
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amongst  which  may  be  mentioned  that  of  Honigmann,  viz.,  a 
set  of  throe  cylinders,  through  which  the  carbon  dioxide  is 
passed  in  succession  at  a  much  lower  pressure  than  that 
employed  by  Solvay.  When  the  contents  of  the  first  vessel 
are  carbonated,  it  is  discharged,  refilled  with  fresh  ammoniacal 
brine,  and  replaced  in  the  series,  but  as  the  last  vessel;  the 
vessels  are  10  feet  diameter  and  10  feet  high  only. 

The  carbon  dioxide  is  obtained  partly  from  the  lime- kilns 
required  to  prepare  the  lime  subsequently  used  to  recover 
the  ammonia,  and  in  that  case  contains  about  30  per  cent, 
carbon  dioxide,  and  requires  cooling  and  freeing  from  accom- 
panying dust  and  sulphur  dioxide ;  this  is  effected  by  making 
it  bubble  several  times  through  shallow  layers  of  flowing  water. 
Carbon  dioxide  is  also  obtained  from  the  calcination  in  closed 
pans  of  the  sodium  bicarbonate,  and  is  then  much  purer  than 
the  above  (see  next  page).  The  gas  is  dra.wn  by  a  powerful 
pump,  and  delivered  at  a  pressure  of  about  45  lb.  per  square 
inch  for  the  Solvay  towers,  or  10  lb.  for  the  Honigmann 
apparatus. 

The  absorption  of  the  carbon  dioxide  to  form  first  normal 
ammonium  carbonate,  (NH^)2C03,  and  then  the  bicarbonate, 
(NH^)HC03,  i^  accompanied  by  the  evolution  of  a  considerable 
amount  of  heat  which  is  removed  by  a  series  of  horizontal  water- 
cooling  tubes  passing  through  the  Solvay  tower,  or  by  flowing 
cooling  water  over  the  exterior  of  the  Honigmann  carbonators. 
In  no  case  may  the  temperature  exceed  70°,  or  the  ammonium 
carbonates  begin  to  decompose ;  neither  may  the  temperature 
be  lowered  too  much,  because  then  the  sodium  bicarbonate 
comes  down  so  finely  divided  that  it  is  most  difficult  to  filter 
and  wash,  and  at  10°  ammonium  chloride  begins  to  crystallise 
out.  During  the  reaction  the  temperature  should  be  kept 
at  30 — 40°,  but  just  at  the  last  it  may  be  reduced  to  15°,  to 
render  the  separation  of  the  sodium  bicarbonate  more  complete. 

The  inert  gases  escaping  from  the  carbonating  apparatus 
always  carry  away  about  8  per  cent,  of  the  total  ammonia 
originally  present  in  the  ammoniacal  brine ;  to  recover  this 
the  gases  are  passed  through  a  series  of  scrubbers,  some  con- 
taining brine,  others  water,  and  others  dilute  sulphuric  acid. 

Every  half-hour  a  portion  of  the  contents  of  a  Solvay  tower 
is  drawn  off  from  the  bottom  of  the  tower,  or  at  suitable 
intervals  one  of  the  Honigmann  cai'bonators  is  blown  empty  by 
compressed  gas.      The  pasty  liquid  runs  on  to  vacuum  filters. 
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which  retain  the  crystals  of  sodium  bicarbonate ;  the  latter  is 
washed  very  carefully  with  water  to  remove  the  ammoniacal 
mother  liquor  as  completely  as  possible,  and  in  doing  this 
approximately  10  per  coat,  of  the  bicarbonate  is  lost. 

The  washed  bicarbonate  is  dried  and  calcined,  by  which  treat- 
ment the  small  quantity  of  accompanying  ammonium  salts  is 
decomposed  with  liberation  of  free  ammonia,  and  about  three- 
quarters  of  the  bicarbonate  is  converted  into  sodium  carbonate, 
carbon  dioxide,  and  steam.  Many  different  forms  of  apparatus 
have  been  patented  by  Solvay  and  others  for  conducting  this 
operation;  that  known  as  a  Thelen  pan  is  largely  used.  It 
consists  of  a  semi-cylindrical  cast-iron  pan  heated  externally 
from  below,  and  provided  with  a  central  shaft  having  an 
oscillating  or  rotary  motion;  to  the  shaft  are  fixed  arms 
carrying  pivoted  shovels,  which  push  the  encrusted  carbonate  off 
the  pan  sides  and  gradually  move  it  from  end  to  end,  so  that  it 
is  discharged  of  uniform  quality.  The  pan  is  suitably  covered, 
so  that  the  evolved  gases  may  be  sucked  away;  they  are  cooled, 
then  passed  through  a  scrubber  to  recover  the  ammonia,  and 
are  lastly  forced  by  a  special  pump  into  the  carbonating 
apparatus  ;  if  due  care  is  taken  in  working  the  apparatus,  the 
gases  may  contain  60 — 80  per  cent,  of  carbon  dioxide. 

The  resulting  sodium  carbonate  may  for  some  purposes  be 
used  as  it  is,  but  for  others  it  is  necessary  to  heat  it  more 
strongly,- to  decompose  all  the  bicarbonate  and  to  make  it  less 
voluminous  for  packing  and  shipping.  This  second  heating  is 
done  in  reverberatory  furnaces  fired  by  coke,  and  no  use  is  made 
of  the  carbon  dioxide  in  the  resulting  gases.  The  hot  product 
is  cooled  on  iron  plates,  and  then  packed  in  casks  or  bags. 

The  mother-liquor  from  the  sodium  bicarbonate  contains 
approximately  one-third  of  the  original  salt  unaltered ;  and  in 
place  of  the  salt  actually  decomposed  it  contains  the  corre- 
sponding amount  of  ammonium  chloride,  and  in  addition  an 
excess  of  ammonium  bicarbonate  equal  to  about  one-fifth  of 
the  ammonium  chloride  present.  The  treatment  of  the  mother- 
liquor  consists  first  in  simple  heating,  which  decomposes  almost 
all  the  ammonium  bicarbonate.  The  resultant  gases,  carbon 
dioxide  and  ammonia,  are  separated  from  the  bulk  of  the 
accompanying  steam  by  the  use  of  a  distilling  column,  and  are 
then  both  utilised  by  being  absorbed  by  fresh  brine  in  the 
ammonia  apparatus.  To  the  residual  hot  liquid  containing 
the  sodium  and  ammonium  chlorides  a  sufficiency  of  lime  is 
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added,  and  the  treatment  with  steam  continued  until  the  gases 
evolved,  which  are  drawn  off  by  an  air  pump,  are  practically  free 
from  ammonia.  The  efficient  recovery  of  the  ammonia  at  this 
stage,  and  also  at  the  minor  stages  previously  described,  is  the 
criterion  for  the  commercial  success  of  the  whole  manufacture, 
for  the  preparation  in  one  operation  of  one  ton  of  "  ammonia 
ash,"  valued  at  £4,  requires  the  assistance  of  the  ammonia 
obtained  from  no  less  than  two  and  a  half  tons  of  ammonium 
sulphate,  valued  at  £32.  The  efficiency  of  the  recovery  has 
been  constantly  improved,  until  now  in  well-conducted  works 
it  is  well  over  99  per  cent. 

The  waste  liquor  from  the  ammonia  stills,  with  considerable 
quantities  of  suspended  calcium  carbonate  and  hydroxide,  is  run 
into  settling  tanks  to  deposit  the  solids,  which  are  waste,  and 
the  clear  liquor,  containing  the  undecomposed  salt,  and  calcium 
chloride  corresponding  to  the  decomposed  salt,  is  run  into  the 
water-courses  also  to  waste.  The  whole  of  the  chlorine  in  all 
the  salt  employed  is  thus  lost,  and  many  attempts  have  been 
made  to  recover  either  the  sodium  chloride  or  the  chlorine  of 
the  calcium  chloride,  but  without  any  permanent  success.  The 
latest  method  has  been  Vv'orked  out  by  Messrs.  Brunner, 
Mond  &  Co.,  at  Northwich,  and  is  characterised  by  bringing  in 
an  additional  product,  namely,  zinc.  The  waste  liquor  is  treated 
with  carbon  dioxide  and  a  crude  form  of  zinc  oxide,  such  as 
roasted  zinc  blende,  or  with  crude  zinc  carbonate,  as  calamine, 
when  one  of  the  following  reactions  occurs : 

CaClj -h  ZnO -t- CO2  =  ZnCla  4- CaCO.^, 
CaCU-|-ZnC03  =  ZnC1.3-l-CaC03.  ' 

The  liquor  is  filtered,  and  the  solution  of  zinc  chloride  (containing 
of  course  the  sodium  chloride  originally  present)  is  purified  and 
then  electrolysed  with  carbon  anodes,  the  products  being 
chlorine  gas,  which  is  absorbed  in  slaked  lime  to  make  bleaching 
powder,  and  metallic  zinc  (at  the  cathode)  almost  chemically 
pure  and  having  an  exceptional-value  for  making  alloj's.  The 
daily  outpiit  of  bleaching  powder  from  this  source  was  nine  tons 
in  1901.  During  the  purification  of  the  crude  zinc  chloride 
solution  the  cadmium  contained -in  the  zinc  ore  is  isolated. 

In  recent  years  the  ammonia-soda  works  have  not  been 
content  to  send  out  their  alkali  in  the  form  of  soda-ash  only, 
for  they  now  convert  the  same  into  soda  crystals,  by  solution  in 
warm  water  and  crystallisation  by  cooling,  or  into  caustic  soda, 
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by  the  ferric  oxide  process  (see  p.  317)  or  by  the  old  method  of 
dissolving  in  boiling  water  and  agitating  with  lime.  The  liquor 
produced  in  either  of  these  ways  being  quite  free  from  sulphides 
is  not  so  corrosive  towards  iron,  and  therefore  it  is  no  longer 
necessary  to  adhere  to  the  simple  forms  of  evaporators — 
thick  cast  iron  pans — whicb  are  so  usual  in  alkali  works.  The 
first  economy  in  evaporating  caustic  soda  solutions  was  to 
conduct  the  first  part  of  the  evaporation  in  steam  boilers^  and 
to  utilise  the  steam  for  any  desired  purpose  ;  but  the  liquor 
proved  to  be  too  corrosive.  A  steaili-heated  multiple-effect 
vacuum  apparatus  known  as  the  Yanyan  was  next  tried, 
followed  in  1888  by  other  forms  of  similar  apparatus.  In  1902, 
an  improved  form  was  introduced  by  Kestner  which  has  been 
successfully  applied  very  widely  to  ammonia  soda-ash  liquors 
on  the  Continent,  and  a  little  later  to  Leblanc  caustic 
liquors  in  this  country.  The  economy  in  fuel  effected  by  this 
so-called  multiple-effect  apparatus  is  very  considerable;  the 
apparatus  is  termed  a  climbing  film  one,  because  the  liquor  while 
undergoing  evaporation  exists  only  as  a  very  thin  film  on  the 
sides  of  the  long  vertical  heating  tubes  up  which  it  is  driven 
by  the  violent  rush  of  the  steam  evolved  from  itself  The  liquor 
contains  77  per  cent,  caustic  soda. 

Electrolytic  Processes. 

159  Although  the  electrolytic  decomposition  of  common  salt 
solution  with  the  production  of  caustic  soda  was  noticed  by 
Cruickshank  in  1800,  and  although  the  quantitative  relations 
of  such  electrolysis  were  made  known  by  Faraday,  who  also 
showed  how  to  convert  mechanical  into  electrical  energy,  yet 
it  was  not  until  1872,  after  Gramme  in  Belgium  had  built 
the  first  useful  dynamo,  that  electrochemical  processes  other 
than  the  deposition  of  thin  coatings  of  copper,  silver,  gold,  and 
nickel,  became  commercially  possible. 

The  first  electrochemical  process  on  a  large  scale  was  that  of 
copper  refining,  started  in  1876  ;  this  was  followed  in  1883 
by  the  work  .of  Hopfner  in  Duisberg  for  the  electrolysis  of 
potassium  chloride  solutions. 

Hopfner  placed  the  anode  at  the  top  of  the  solution  so  as  to 
allow  of  the  ready  escape  of  the  chlorine,  and  the  cathode  at  the 
bottom,  and  stopped  the  evolution  of  hydrogen  at  the  cathode, 
which  would  otherwise  disturb  the  dense  layer  of  caustic  potash 
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solution  forming  on  the  cathode,  by  covering  the  cathode  with 
copper  oxide  which  was  reduced  to  metallic  copper  while  the 
hydrogen  was  oxidised  to  water.  When  the  copper  layer 
became  inert,  it  was  removed,  and  exposed  to  the  air,  whereby  it 
was  reconverted  into  copper  oxide,  and  was  then  utilised  again 
in  the  process.  Trials  in  Duisberg^  and  other  places  showed 
that  the  process  was  not  satisfactory. 

In  1885  a  new  process  had  been  worked  out  at  DuLsberg  and 
an  experimental  works  was  erected  in  Griesheim.  The  separa- 
tion of  the  products  of  the  electrolysis  was  here  effected  by  a 
porous  diaphragm  made  from  Portland  cement  mixed  with 
acidified  brine ;  the  shape  of  the  diaphragm  was  that  of  a  box, 
through  the  lid  of  which  the  carbon  anode  passed.  After  the 
complete  setting  of  the  cement,  a  soaking  in  water  removed  the 
crystallised  salt  and  the  lime  salts  produced  by  the  added  acid, 
and  the  diaphragm  was  thus  made  very  porous  so  as  to  permit  an 
easy  passage  of  the  electric  current.  A  number  of  such  porous 
vessels  with  anodes  were  placed  in  an  outer  vessel,  with  a  cathode 
between  every  pair  of  anodes.  The  vessels  were  filled  with 
potassium  chloride  solution,  and  the  same  solid  salt  was  fed  into 
the  anode  vessel  to  keep  that  liquor  saturated.  On  passing  the 
electric  current,  chlorine  is  evolved  at  the  carbon  anodes  and 
thence  passes  away  by  suitable  pipes,  while  the  potassium  is 
liberated  at  the  cathodes  and  reacts  there  with  the  water 
to  form  caustic  potash  and  hydrogen.  When  the  caustic  has 
increased  to  40-80  grams  per  litre  of  the  cathode  liquor,  the 
liquor  is  removed  and  evaporated  in  multiple-effect  vacuum 
evaporators  so  arranged  as  to  allow  of  the  removal  of  the  large 
quantity  of  undecomposed  potassium  chloride  which  separates; 
the  concentrated  mother-liquor  is  then  further  evaporated  to 
produce  the  solid  alkali.  The  current  efficiency  is  only  70-80 
per  cent.  The  carbons  are  quickly  attacked,  and  the  escaping 
chlorine  contains  5-8  per  cent,  of  carbon  dioxide.  The  porous 
diaphragms  do  not  completely  prevent  the  cathode  liquor 
from  obtaining  access  to  the  anode,  hence  hypochlorites  and 
chlorates  are  formed  in  the  anode  liquor  and  oxygen  is  evolved 
at  the  anode,  so  that  the  escaping  chloiine  may  contain  10 
per  cent,  of  electrolytic  oxygen. 

More  resistant  electrodes  are  now  made  of  cast  magnetite 
prepared  thus ;  burnt  pyrites,  from  the  manufacture  of  sulphuric 
acid,  is  heated  in  an  electric  furnace  to  fusion ;  the  FegOj  is  thus 
converted  into  FeO,  and  therefore  further  quantities  of  FcgOg 
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are  added  just  before  casting  into  the  anode  forms,  so  as  to 
bring  the  melt  to  the  composition  FegO^. 

This  Griesheim  "  Elektron  "  process,  in  spite  of  its  many  im- 
perfections, is  so  successful  that  in  1912,  at  works  in  Griesheim, 
Bitterfeld,  Westeregeln,  Ludwigshafen,  and  Rheinfelden  in 
Germany,  at  Lamotte  in  France,  at  Flix  in  Spain,  and  at  works 
in  South  Russia,  no  less  than  33,000  horse  power  were  being 
employed. 

In  England  there  is  no  native  potassium  chloride  to  convert 
into  caustic  potash,  and  the  pecuniary  inducements  to  elec- 
trolyse sodium  chloride  were  not  nearly  so  great.  The  first  serious 
attempts  were  not  made  till  1888,  when  at  the  Snodland  Paper 
Works  in  Kent  the  process  of  Greenwood  was  tried.  In  this 
a  diaphragm  built  up  of  alternate  layers  of  porcelain  rings 
and  asbestos  is  utilised.  The  caustic  liquid  produced  contained 
but  2"2  per  cent,  of  caustic  soda  and  this  was  accompanied  by 
10'7  per  cent,  of  sodium  chloride. 

A  process  of  Richardson  and  Holland  was  next  tried,  in  1890. 
No  diaphragm  was  used  ;  the  cathode  was  covered  with  oxide  of 
copper  as  in  Hopfner's  process  already  described,  and  in  this 
country  also  the  process  was  a  failure. 

In  1892  Hargreaves  and  Bird  introduced  a  novelty  in  that 
the  cathode,  instead  of  being  separate  from  the  diaphragm,  is  so 
completely  adjacent  to  it  that  the  two  are  built  up  together, 
and  the  liquor  which  percolates  from  the  anode  compartment 
through  the  diaphragm  hangs  upon  the  iron  wire  gauze 
forming  the  cathode  by  capillary  attraction  only,  and  the 
cathode  compartment  contains  no  other  liquor.  From  the 
cathode  the  alkali  is  washed  away  by  passing  steam  into  the 
cathode  compartment.  The  efficiency  of  the  cell  is  increased 
by  bringing  into  the  cathode  compartment  waste  gajses  con- 
taining carbon  dioxide,  but  the  product  is  thereby  changed 
from  caustic  soda  to  sodium  carbonate,  which  is  obtained  as 
crystals  Na2CO3,10H2O.  This  process  is  worked  with  the 
Cheshire  brine  at  Middlewich. 

In  1892  Castner  in  Oldbury,  near  Birmingham,  and  Kellner 
in  Vienna  began  to  electrolyse  brine  in  a  fundamentally 
different  manner.  In  all  the  foregoing  and  also  in  all  the 
subsequent  processes  it  is  to  be  noted  that  great  difficulties  are 
encountered  in  the  endeavour  to  separate  completely  the  pro- 
ducts of  two  reactions : 

2N.aCl  -  Na„  +  CI,,  and  Na^  +  2Hp  =  2NaOH  -f  H,, 


314  THE   ALKALI  MANUFACTURE 


and  in  none  of  these  electrolytic  processes  above-mentioned  is 
this  complete  separation  obtained ;  by  that  next  described  the 
separation  is  obtained.  In  1807  Davy  discovered  sodium 
amalgam ;  in  1882  and  succeeding  years  proposals  were  made 
to  use  it  in  the  electrolysis  of  brine.  Of  these,  the  processes  of 
Castner  and  of  Kellner  in  1892  have  proved  successful. 

The  anodes  are  arranged  in  the  upper  part  of  the  brine,  and 
at  the  bottom  of  the  latter  is  a  moving  layer  of  mercury  which 
forms  the  cathode.  When  the  electric  current  is  made  to  pass, 
chlorine  gas  is  evolved  at  the  anodes  and  rising  through  the 
brine  passes  out  from  the  apparatus  by  a  suitable  pipe.  The 
sodium  liberated  at  the  cathode  unites  there  with  the  mercury 
to  form  sodium  amalgam,  which  rapidly  diffuses  from  the  surface 
into  the  mass  of  the  mercury  below.  Whilst  sodium  is  acted 
upon  with  great  rapidity  by  water,  with  sodium  amalgam  the 
reaction  takes  place  much  more  slowly,  and  therefore  it  is  easily 
possible  to  remove  the  sodium  amalgam  from  the  apparatus. 
The  sodium  amalgam  passes  into  an  adjacent  cell  or  com- 
partment which  is  fed  with  water  and  contains  also  a  solid 
electrode  ;  these  three  items  form  the  elements  of  a  galvanic 
battery  and  as  soon  as  the  circuit  is  closed  the  water  or  the 
dilute  caustic  soda  solution  is  electrolysed,  hydrogen  being 
evolved  on  the  upper  solid  electrode  and  oxygen  being- 
evolved  on  the  amalgam,  which  thus  loses  its  sodium, 
and  the  strength  of  the  caustic  soda  solution  is  increased. 
Finally  the  mercury  is  returned  to  the  first  compartment  or  cell 
and  the  operations  are  repeated.  The  two  essential  reactions 
are  thus  absolutely  separated,  and  the  caustic  soda  solution 
obtained  is  very  much  stronger  and  purer  than  can  be  obtained 
by  any  of  the  preceding  or  succeeding  processes.  Mercury 
processes  are  used  at  Weston  Point,  Cheshire,  at  Bernburg, 
Osternienburg,  and  Rheinfelden  in  Germany,  at  Jemeppe  in 
Belgium,  and  at  Niagara  Falls  in  the  United  States. 

In  1898  a  modified  form  of  a  process  originally  devised  by 
Richardson  and  Holland  was  worked  out  at  Aussig  in  Austria 
with  certain  modifications.  Into  the  upper  part  of  a  bell- 
jar  is  fixed  an  anode,  and  also  an  inlet  for  a  constant 
small  supply  of  brine  ;  twenty-five  of  these  bells  stand  in  a 
large  bath  that  contains  the  cathodes.  By  very  careful 
attention  to  the  various  dimensions,  the  current  density,  and 
above  all  to  the  feed  of  the  fresh  brine  into  the  upper  part  of 
the  bell,  and  the  removal  of  the  caustic  liquors  from  the  outer 
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cell,  this  process  with  its  simple  apparatus  has  been  made  to 
yield  good  results.  A  large  portion  of  the  improvement 
over  the  original  process  of  Richardson  and  Holland  is 
attributed  to  the  counterflow  movement  between  the  constant 
brine  feed  and  the  electrolytic  migration  of  the  hydroxyl  ions 
from  the  cathode  to  the  anode.  In  1912,  works  in  Austria  and 
in  Germany  were  utilising  6,000  horse  power. 

A  similar  counterflow  movement  of  brine  and  hydroxyl  ions 
occurs  in  the  Hargreaves-Bird  cell  already  described,  but  the 
movement  of  the  brine  through  the  diaphragm  is  irregular 
owing  to  the  varying  hydrostatic  head. 

In  1905  Townsend  introduced  at  Niagara  Falls  and  at  Sault 
St.-Marie  in  the  United  States  a  cell  very  similar  to  that  of 
Hargreaves  and  Bird  with  a  more  complete  counterflow  move- 
ment. The  improvement  is  made  by  filling  with  paraffin  oil  that 
part  of  the  cathode  chamber  which  in  the  Hargreaves-Bird  cell  is 
full  only  of  steam  and  waste  combustion  gases.  The  hydrostatic 
heads  of  the  brine  and  of  the  oil  may  be  made  nearly  to  balance, 
and  by  regulating  the  outlet  level  of  the  brine  the  percolation 
of  the  brine  through  the  diaphragm  to  the  cathode  can  be 
controlled  and  the  percentages  of  caustic  and  salt  in  the 
product  kept  at  any  desired  figures.  The  hydrogen  bubbles  and 
the  alkaline  liquor  are  constantly  thrown  off  from  the  cathode 
into  the  body  of  paraffin  oil ;  the  hydrogen  rises  to  the  surface  of 
the  oil,  whilst  the  liquor  sinks  to  the  bottom  and  is  then 
drawn  off  by  an  inverted  syphon. 

In  1906  the  principle  of  the  counterflow  of  an  electrolyte 
and  the  migration  of  an  ion  was  embodied  in  a  cell  designed 
by  Billiter.  This  cell  contains  only  a  shallow  horizontal  layer 
of  alkali  cathode  liquor  just  sufficient  to  immerse  the  iron 
gauze  cathode.  The  gauze  cathode  forms  the  bottom  of  the 
anode  cell,  and  upon  it  rests  an  asbestos  cloth  and  then  a  layer 
of  precipitated  barium  sulphate  which  thus  forms  a  diaphragm. 
To  facilitate  the  escape  of  the  hydrogen  from  the  cathode,  the 
latter  is  made  slightly  inclined  and  corrugated.  The  anode 
chamber  is  nearly  full  of  brine,  and  by  regulating  the  same  the 
amount  slowly  passing  through  the  barium  sulphate  layer  to  the 
cathode  is  also  regulated.^  In  1912  these  colls  working,  in 
Germany,  Austria,  and  the  United  States  utilised  6,000  horse 
power. 

In  1906  the   same   principle   was   carried    to   its   limit   by 
1  Ciompare  Allmand,  Trans.  Faraday  Soc,  Nov.   1912. 
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Finlay  who  adopted  the  principle  for  both  the  anion  and  the 
cation.  He  divided  a  cell  by  two  diaphragms  into  three  com- 
partments ;  into  the  middle  or  second  of  these  he  fed  brine, 
which  then  passed  in  two  opposite  directions  through  the' 
diaphragms,  to  the  anode  in  the  first  compartment,  and  to 
the  cathode  in  the  third  compartment.  When  making  a 
liquor  containing  8  per  cent,  caustic  soda,  the  current 
efficiency  is  said  to  be  as  high  as  98  to  99  per  cent. 

The  magnitude  of  the  total  alkali  chloride  electrolytic  process 
is  now  (1912)  such  that  the  horse  power  employed  is  70,000.  A 
general  account  is  found  in  Lunge's  Alkali  Mamifadure,  Vol.  3, 
an  account  of  the  scientific  principles  in  Allmand's  Electro- 
chemistry (1912),  and  details  of  apparatus,  and  of  patents  in  the 
several  volumes  of  Monographien  iiber  angewandte  Elelttro- 
chemie  as  follows  :  Vol.  41 : — The  electrolytic  decomposition  of 
alkali  chlorides  with  solid  metal  cathodes,  by  Billiter  (1912) : 
Vol.  23 : — The  same  with  liquid  metallic  cathodes,  by  Lucion 
(1906) ;  Vols.  24,  29, 32  and  33  :— The  electro-chemical  patents  of 
Germany  (1906),  of  England  (1908),  and  of  America  (1910),  by 
Ferchand;  Vol.  12:— -The  electro-cheraicalindustries  of  Germany, 
by  Ferchand  (1904) ;  and  Vol.  28 : — The  electro-chemical  and 
electro-metallurgical  industries  of  Great  Britain  by  Kershaw 
(1907). 

Commercial  Forms  of  Alkali. 

i6o  Soda  Crystals. — For  household  use,  there  is  a  consider- 
able demand  for  the  soda  in  the  crystalline  form  containing  10 
molecules  of  water.  This  is  prepared  by  the  direct  Leblanc 
method  (p.  298),  or  by  dissolving  calcined  soda  ash  in  hot  water, 
allowing  the  impurities  to  settle,  and  then  running  the  clear 
liquor  into  crystallising  tanks  (p.  301). 

Crystal  Carbonate. — The  monohydrated  carbonate  Na2C03,H20, 
known  as  "crystal  carbonate,"  has  the  advantage  over  soda 
crystals  that  it  contains  a  larger  percentage  of  alkali,  and  dissolves 
much  more  readily  in  water,  and  that  with  a  slight  evolution 
of  heat. 

Sodium  Bicarbonate,  NaHCOg,  is  used  in  medicine,  and  for 
preparing  aerated  waters,  and  for  baking  powders.  It  was  fomerly 
manufactured  on  a  large  scale  by  exposing  soda  crystals  enclosed 
in  large  chambers  to  carbon  dioxide  generated  by  the  action  on 
limestone  of  the  dilute  and  otherwise  waste  hydrochloric  acid 
obtained  in   the  Leblanc   soda  process.      The  gas  was  slowly 


COMMERCIAL  li^OtlMS  OE  ALKALI  31? 

absorbed  by  the  crystals,  which  lost  their  transparency,  and 
then  their  water  of  crystallisation  : 

Na2CO3,10H2O  +  CO2  =  2NaHC03,9H20. 

The  large  quantity  of  water  liberated  dissolved  and  washed 
away  the  greater  part  of  the  impurities  present  in  the  soda 
crystals,  aad  when  the  flow  of  liquor  ceased  the  reaction  was 
complete  ;  the  wet  bicarbonate  was  dried  at  a  very  gentle  heat. 

In  1882  Carey,  Gaskell,  and  Hurter  introduced  a  cheaper 
method  of  manufacture  by  treating  crystal  carbonate, 
Na2C03,H20,  with  pure  carbonic  acid  in  a  revolving  cylinder, 
and  so  obtaining  a  bicarbonate  of  greater  purity,  corresponding 
to  the  greater  purity  of  the  raw  material.  A  still  cheaper 
process  is  now  used,  the  bicarbonate  produced  as  first  product 
in  the  ammonia-soda  process  being  purified  from  the  accom- 
panying ammonium  chloride  by  recrystallisation  from  warm 
water  (Mond,  1884),  or  by  heating  in  an  atmosphere  of  carbon 
dioxide  to  drive  off  the  ammonia. 

Sodium  Sesquicarhonate.  —  This  form  of  alkali  was  first 
manufactured  in  1886  by  Watts  and  Richards.  The  salt  has 
the  composition  Na.2C03,NaHC03,2H20,  and  is  obtained  by 
mixing  the  ingredients  in  aqueous  solution  and  allowing  them 
to  crystallise  above  35°.  The  salt  is  permanent  in  the  air, 
is  readily  soluble  in  water,  and  finds  application  in  wool 
washing. 

Caustic  Soda.— The  methods  employed  by  the  Leblanc  Alkali 
Works  for  the  manufacture  of  caustic  soda  have  already  been 
described.  The  ammonia-soda  works  also  manufacture  caustic 
soda,  and  the  quality  obtained  is  better;  it  tests  77  per  cent, 
alkali  (NaP). 

Another  method  of  converting  sodium  carbonate  into  caustic 
soda  was  introduced  by  Lowig  in  1882.  The  carbonate  mixed 
with  ferric  oxide  is  heated  to  bright  redness,  when  carbon 
dioxide  is  evolved,  and  a  compound  of  NajO  and  Fe203  is  formed, 
called  sodium  ferrite ;  by  treating  this  with  cold  water  certain 
impurities  may  be  washed  out,  and  the  compound  is  then 
decomposed  by  treatment  with  a  small  quantity  of  nearly 
boiling  water,  when  the  ferric  oxide  is  regenerated  ready  for 
the  next  operation,  and  a  very  strong  solution,  viz.,  about  30 
per  cent,  caustic  soda,  is  formed. 

The  Castner  electrolytic  process  produces  a  strong  solution  of 
caustic  soda  directly  as  already  described,  and  by  evaporation 
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and  fusion  it  yields  at  once  caustic  soda  of  the  highest  purity 
attainable. 

Caustic  soda,  besides  being  manufactured  in  the  solid  form  of 
various  grades  of  purity  so  as  to  test  60,  70,  74,  76,  78  per  cent, 
alkali  (NagO),  is  also  made  in  the  form  of  a  strong  solution  of 
1'45  specific  gravity,  containing  41  per  cent,  caustic  soda. 

Caustic  soda  is  used  for  making  hard  soap,  for  disintegrating 
vegetable  materials  to  obtain  the  fibre  for  papermaking,  for 
bleaching  cotton,  for  extracting  creosote  oils,  purifying  paraffin 
oils,  manufacturing  oxalic  acid,  alizarin  and  sodium,  and  many 
other  purposes. 


POTASSIUM.     K  =  39-io. 

i6i  The  discovery  of  this  metal  is  described  as  follows  by 
Davy.^  "  A  small  piece  of  pure  potash  which  had  been  exposed 
for  a  few  seconds  to  the  atmosphere,  so  as  to  give  conducting 
power  to  the  surface,  was  placed  upon  an  insulated  disc  of 
platina,  connected  with  the  negative  side  of  the  battery  of  the 
power  of  250  of  6  and  4,  in  a  state  of  intense  activity ;  and  a 
platina  wire,  communicating  with  the  positive  side,  was  brought 
in  contact  with  the  upper  surface  of  the  alkali.  The  whole 
apparatus  was  in  the  open  atmosphere. 

"  Under  these  circumstances  a  vivid  action  was  soon  observed 
to  take  place.  The  potash  began  to  fuse  at  both  its  points  of 
electrisation.  There  was  a  violent  effervescence  at  the  upper 
surface;  at  the  lower,  or  negative  surface,  there  was  no  libera- 
tion of  elastic  fluid,  but  small  globules  having  a  high  metallic 
lustre,  and  being  precisely  similar  in  visible  characters  to  quick- 
silver, appeared,  some  of  which  burnt  with  explosion  and  bright 
flame,  as  soon  as  they  were  formed,  and  others  remained,  and 
were  merely  tarnished,  and  finally  covered  by  a  white  film 
which  formed  on  their  surfaces.  These  globules,  numerous  ex- 
periments soon  showed  to  be  the  substance  I  was  in  search  of, 
and  a  peculiar  inflammable  principle  the  basis  of  potash.  I 
found  that  the  platina  was  in  no  way  connected  with  the  result, 
except  as  the  medium  for  exhibiting  the  electrical  powers  of 
decomposition,  and  a  substance  of  the  same  kind  was  produced 
when  pieces  of  copper,  silver,  gold,  plumbago,  or  even  charcoal 
were  employed  for  completing  the  circuit. 

'  Phil.  Trans.,  1808,  98,  4. 
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"The  phenomenon  was  independent  of  the  presence  of  air, 
I  found  that  it  took  place  when  the  alkali  was  in  the  vacuum  of 
an  exhausted  receiver." 

To  this  metal  Davy  gave  the  name  of  potassium.  Soon  after 
Davy's  discovery,  Gay-Lussac  and  Th^nard  ^  showed  that  the 
metal  might  be  obtained  in  greater  quantity  by  decomposing 
potash  by  means  of  metallic  iron  at  a  white  heat.  For  this 
purpose  iron  turnings  or  wire  were  heated  to  whiteness  in  a 
gun-barrel  covered  with  clay,  and  melted  potash  allowed  to  pass 
slowly  over  the  ignited  iron.  The  iron  took  up  the  oxygen  of 
the  hydroxide,  whilst  potassium  and  hydrogen  were  set  free. 
The  potassium  passed  over  in  the  state  of  vapour,  and  was  con- 
densed in  a  copper  vessel  containing  naphtha.  A  still  better 
method  was  suggested  by  Curadau,'^  which  consisted  in  the 
decoinposition  of  the  potash  by  means  of  charcoal  at  a  white 
heat. 

Davy's  discovery  of  the  compound  nature  of  the  alkalis 
attracted  universal  attention,  and  chemists  throughout  Europe 
were  occupied  with  a  repetition  of  his  experiments,  and  an 
examination  of  the  remarkable  properties  of  the  singular  metals 
which  can  thus  be  obtained.  So  singular  indeed  were  these 
properties,  that  many  chemists  denied  to  these  substances  the 
name  of  metal,  and  by  some  they  were  considered  to  be  com- 
pounds of  hydrogen,  this  view  being  apparently  borne  out  by 
the  evolution  of  hydrogen  when  these  metals  were  thrown  into 
water.  A  more  accurate  examination,  however,  of  the  pro- 
perties of  these  substances  proved  them  to  be  of  a  truly 
metallic  nature. 

Sources  of  Potassium. — Potassium  is  found  in  nature,  in  a 
state  of  combination,  widely  distributed.  It  occurs  as  a  con- 
stituent of  many  silicates,  forming  from  1-7  to  SI  per  cent,  of 
the  granite  composing  the  earth's  solid  crust.  Amongst  the 
silicates  which  contain  potash  as  an  essential  constituent  may 
be  mentioned  potash  felspar  or  orthoclase,  leucite,  and  analcite. 
Pure  chloride  of  potassium  or  sylvine,  KCl,  is  found  in  consider- 
able deposits,  together  with  carnaUite,  KCl,MgCl2,6H20,  in 
the  neighbourhood  of  Stassfurt  in  Germany ;  it  is  found  also  in 
considerable  quantities  in  Searles  Lake,  California.  This  same 
salt  and  other  potash  compounds  occur  in  small  quantity  in  the 
water  of  the  ocean,  and  in  that  of  many  lakes  such  as  the  Dead 
Sea,  as  well  as  in  mineral  waters  and  in  ordinary  spring  water. 
1  .■1701.  Chim.,  1808,  65,  325.  =  Ihid.,  1808,  66,  97. 
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Chloride  of  potassium  is  found  also  in  cubic  crystals  surrounding 
the  fumeroles  of  Vesuvius.  All  fruitful  soil  contains  potassium 
compounds,  derived  from  the  gradual  disintegration  of  the 
above-mentioned  silicates.  These  are  taken  up  by  the  rootlets 
of  the  plant,  as  no  vegetable  growth  can  flourish  without  this 
substance.  It  has  been  shown  by  Way  that  soil  possesses  the 
power  of  absorbing  potash  salts,  whilst  soda  salts  pass  through 
it  unabsorbed.  The  form  in  which  the  potash  is  contained  in 
most  soils  is  that  of  a  salt  of  an  organic  acid,  and  this  becomes 
converted  into  carbonate  by  ignition. 

The  potash  which  sheep  draw  from  the  land  is  excreted  in 
large  quantity  from  the  skin  in  the  sweat,  termed  by  the  French 
suint.  No  less  than  one-third  of  the  weight  of  raw  merino  wool 
consists  of  this  material. 

162  Preparation  of  Metallic  Potassmm. — The  method  first  pro- 
posed by  Curadau,  and  brought  into  a  practical  form  by  Brunner, 
was  much  improved  by  Wohler,  and  especially  by  Donny  and 
Mareska.^  This  process  depends  upon  the  fact  that  at  a  white 
heat  carbon  reduces  potassium  carbonate,  as  follows : 

K2CO3  +  2C  =  2K  -f  SCO. 

An  intimate  mixture  of  charcoal  and  potassium  carbonate  is 
obtained  by  igniting  crude  tartar  (acid  potassium  tartrate)  in  a 
covered  iron  crucible;  the  porous  mass  is  rapidly  cooled  by 
dipping  the  crucible  into  cold  water,  and  the  charred  mass 
introduced  into  an  iron  bottle.  It  has  been  usual  to  place  the 
mixture  in  a  wrought-iron  mercury  bottle,  connected  with  a 
copper  receiver  by  a  short  iron  tube. 

In  the  preparation  of  the  metal  potassium,  according  to 
Brunner's  original  method,  serious  explosions  sometimes  oc- 
curred, owing  to  the  fact  that  at  a  very  high  temperature 
the  metallic  potassium  unites  with  the  carbon  monoxide 
generated  at  the  same  time  to  form  a  black  compound, 
KgCgOj,  which  is  excessively  explosive.  By  rapidly  cooling 
the  vapour  of  the  potassium  as  it  is  produced,  the  formation 
of  this  compound  may  be  prevented.  This  rapid  cooling  of 
the  vapour  is  effected  by  using  the  condenser,  first  suggested 
by  Mareska  and  Donny,  shown  in  Fig.  97.  It  consists  of  two 
pieces  of  cast  iron  d  s,  which  can  be  clamped  together  so  as  to 
form  a  shallow  box  about  a  quarter  of  an  inch  deep,  ten  to  twelve 
inches  long,  and  four  to  five  inches  in  width.  The  socket  at 
1  Ann.  Ghim.  Phys.,  1852  (3),  35,  147. 
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the  one  end  fits  on  to  the  short  tube  placed  in  the  neck  of  the 
bottle,  or  at  the  closed  end  of  the  retorb,  whilst  the  open  end 
permits  a  free  passage  to  the  gases  or  vapours  given  off  in  the 
reaction.  The  object  of  this  flattened  condenser  is  to  ensure  the 
rapid  cooling  of  the  vapour  of  the  metal,  and  thus  to  prevent  the 
formation  of  the  explosive  compound  with  carbon  monoxide. 
The  above-mentioned  reduction  takes  place  only  at  a  white  heat, 
and  hence  it  is  necessary  to  prevent  the  oxidation  of  the  iron  of 
the  retort  by  covering  it  with  a  coating  of  fire-clay.  As  soon  as 
this  temperature  is  reached  the  vapour  of  the  metal  begins  to 
appear  at  the  open  end  of  the  tube.  The  receiver  is  then  ad- 
justed to  the  end  of  the  tube  as  shown  in  Fig.  98,  and  the  metal 


Fig.  97. 


Fig.  98. 


begins  to  condense  and  drops  out  in  the  liquid  state  into  a  vessel 
filled  with  rock-oil  placed  beneath  the  receiver,  which  does  not 
require  to  be  artificially  cooled.  Should  any  deposit  or  ob- 
struction occur  in  the  tube,  this  must  at  once  be  removed  by  a 
red-hot  rod  thrust  into  it.  It  is  found  in  practice  that  about 
half  the  theoretical  quantity  of  metal  is  obtained. 

Potassium  can  be  prepared  on  the  small  scale  by  the  electro- 
lysis of  potassium  cyanide.  This  salt  is  melted  and  then  allowed 
to  cool,  so  that  a  solid  crust  is  formed ;  a  current  from  three  or 
four  accumulators  is  then  allowed  to  pass  through  the  molten 
salt  from  electrodes  made  of  gas  carbon.'- 

A  better  method  of  obtaining  potassium  on  the  small  scale  by 
1  Linnemann,  /.  pi:  Chem.,  1858,  73,  41,3. 
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electrolysis  is  that  proposed  by  Matthiessen.'  For  this  purpose 
a  mixture  of  potassium  chloride  and  calcium  chloride  in 
molecular  proportions,  which  melts  at  a  much  lower  tempera- 
ture than  potassium  chloride  alone,  is  fused  in  a  small 
porcelain  crucible  over  a  lamp,  two  carbon  poles  connected 
with  six  to  eight  Bunsen's  elements  being  dipped  into  the  fused 
salt.  The  flame  of  the  lamp  is  then  so  adjusted  that  the 
portion  of  salt  around  the  negative  pole  becomes  solid,  whilst 
around  the  positive  pole  the  mixture  is  liquid,  thus  allowing 
the  free  escape  of  the  chlorine.  After  the  current  has  passed 
through  for  about  twenty  minutes  in  this  way  the  crucible  is 
allowed  to  cool,  and  opened  under  rock-oil,  when  a  considerable 
quantity  of  pure  potassium  is  found  around  the  negative  pole, 
no  calcium  being  deposited. 

A  modification  of  the  Castner  process  for  the  manufacture  of 
sodium  (p.  240)  can  be  employed.  On  electrolysing  fused 
potassium  hydroxide  the  metal  spreads  throughout  the 
electrolyte  as  a  mist  and  becomes  oxidised  at  the  anode.  If, 
however,  the  cathode  is  protected  by  a  closed  inverted  cylinder 
of  magnesite,  the  metal  can  be  readily  collected  and  when 
prepared  by  this  method  is  particularly  pure.^  There  is,  however, 
at  present  no  great  demand  for  metallic  potassium,  as  the 
cheaper  sodium  is  equally  applicable  for  almost  all  purposes, 
and  moreover,  owing  to  the  diffei'ence  in  their  atomic 
weights,  23  parts  of  sodium  are  equivalent  to  39  parts  of 
potassium. 

163  Properties. — Potassium  is  a  silvery-white  lustrous  metal 
with  a  bluish  tinge,  having  a  specific  gravity  of  0'875  at  13° 
(Baumhauer),^  and  it  is  therefore  lighter  than  all  other  metals, 
with  the  single  exception  of  lithium.  It  is  brittle  at  0°  and 
possesses  a  crystalline  fracture;  at  15°  it  becomes  soft  like  wax, 
and  may  be  easily  cut  with  a  knife,  and  the  two  clean  surfaces 
of  the  metal  may  be  welded  together  like  red-hot  iron.  It  melts 
at  62'5°(Bunsen),  forming  a  liquid  closely  resembling  mercury 
in  its  appearance.  Potassium  may  be  easily  obtained  in  the 
crystalline  form.  For  this  purpose  some  of  the  metal  is  melted 
in  a  glass  tube  filled  with  coal-gas  ;  as  soon  as  the  mass  begins 
to  solidify  the  tube  is  quickly  turned  round  and  the  portion  of 
metal  still  remaining  liquid  is  poured  off  from  the  crystals ; 

1  Journ.  Chem.  Soc,  185G,  30. 

-  Lorenz  and  Clark,  Zeit.  Ekklrochem. ,  1903,  9,  269 

3  Ber.,  1873,  6,  655. 
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these  form  tetragonal  octahedra  having  a  greenish-blue  colour.^ 
It  has  been  obtained  in  the  form  of  a  bluish-violet  colloidal 
solution  in  ether  by  the  electrical  method  (p.  78).^ 

Potassium  boils  at  757'5V  and  emits  a  beautiful  green-coloured 
vapour  exhibiting  a  characteristic  channelled-space  absorption 
spectrum  (Roscoe  and  Schuster).  The  green  colour  of  potassium 
vapour  can  be  readily  shown  by  evaporating  a  small  portion  of 
the  metal  contained  in  a  wide  glass  tube  three  dcm.  in  length 
through  which  a  current  of  dry  hydrogen  gas  is  passed.  On 
heating  the  metal,  the  tube  becomes  filled  with  splendid  green- 
coloured  vapour,  condensing  on  the  cooler  parts  of  the  tube  in 
the  form  of  a  bright  metallic  mirror.  When  the  hydrogen 
which  issues  from  the  end  of  the  tube  is  lighted,  the  flame  is 
tinged  with  the  violet  colour  characteristic  of  potassium.  Next 
to  caesium  and  rubidium,  potassium  is  the  most  electro-positive 
metal,  and  it  is  a  good  conductor  of  electricity.  In  perfectly 
dry  and  pure  air  it  does  not  undergo  any  change,  but  in 
ordinary  air  the  clean  surface  of  the  metal  soon  becomes 
converted  into  caustic  potash  and  potassium  carbonate.  The 
oxidation  of  a  newly-cut  surface  of  potassium  in  the  dark  is 
attended  with  luminosity  (Baumhauer).  Oxidation  takes  place 
so  quickly  when  the  metal  is  exposed  to  the  air  in  thin  layers 
that  sometimes  ignition  occurs  and  the  metal  burns  with  its 
characteristic  violet  flame.  When  heated  in  the  air  to  its 
point  of  volatilisation,  it  at  once  bursts  into  flame,  but  if  the 
burning  metal  is  plunged  into  perfectly  dry  air  or  oxygen  the 
flame  is  immediately  extinguished. 

When  thrown  upon  water,  potassium  decomposes  the  water 
with  great  vigour,  sufficient  heat  being  generated  to  ignite  the 
hydrogen  which  is  evolved,  and  which  burns  with  the  violet 
potassium  flame.  The  molten  globule  swims  about,  being 
separated  by  a  layer  of  steam  from  the  surface  of  the  water, 
and  becomes  gradually  smaller,  leaving  at  last  a  globule  of 
fused  potash,  which  causes  an  explosive  burst  as  soon  as  its 
temperature  sinks  low  enough  to  allow  it  to  come  actually  in 
contact  with  the  water. 

Potassium  acts  as  a  powerful  reducing  agent,  and  hence  it 
has  been  employed  for  the  preparation  of  such  substances  as 

^  Long,  Journ.  Ghem.  Soc,  1861,  13,  122, 
2  Svedberg,  Ber.,  1905,  38,  3616. 

^  Ruff  and  Johannsen,    Ber.,    1905,   38,    3601  ;   compare  Perman,    Jounu 
Chem.  Soc,  1889,  55,  326. 
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boron  and  silicon  from  their  oxides,  and  magnesium,  aluminium, 
and  other  metals  from  their  chlorides.  Potassium  also  de- 
composes nearly  all  gases  which  contain  oxygen,  and  hence 
it  is  used  in  some  cases  to  ascertain  the  composition  of  gases. 

Sodium  forms  with  potassium  an  alloy  which  is  liquid  at  the 
ordinary  temperature,  and  looks  like  mercury.  When  it  contains 
16  parts  of  potassium  to  10  parts  of  sodium  this  alloy 
becomes  pasty  at  8°,  and  solidifies  at  lower  temperatures.  If 
more  potassium  is  contained  in  it,  the  alloy  remains  liquid 
below  0°-  The  alloy  is  obtained  not  only  by  melting  the  two 
metals  together  under  rock-oil,  but  also  by  adding  sodium  to 
fused  acetate  of  potassium  when  gases  are  rapidly  evolved  and 
the  alloy  formed  (Wanklyn).  It  is  also  formed  when  caustic 
potash  is  heated  with  sodium,  and  burns  in  the  air,  forming  a 
mixture  of  the  peroxides  of  sodium  and  potassium ;  this  is 
used  under  the  name  of  "  pneumatogen  "  for  the  regeneration 
of  expired  air  in  life-saving  apparatus. '^ 


COMPOUNDS  OF  POTASSIUM. 

Potassium  and  Oxygen. 

164  Potassium  forms  only  two  well-defined  oxides,  namely, 
potassium  monoxide,  K^O,  and  potassium  peroxide,  Kfi^.  The 
first  of  these  corresponds  to  the  stable  monovalent  potassium 
salts,  and  combines  with  water  to  form  the  hydroxide.  The 
higher  oxide  does  not  yield  corresponding  salts,  but  behaves  as 
a  peroxide.  In  addition  to  these,  oxides  of  the  formulse  K^O, 
KgOj,  Kfi^,  K^Og  and  Kfi^  have  been  described,  but  their 
existence  is  doubtful. 

Potassmm  Monoxide,  KjO.— When  the  mixture  of  oxides 
obtained  by  burning  potassium  in  slightly  moist  air  is  strongly 
heated,  it  loses  oxygen  and  leaves  a  residue  of  the  monoxide, 
which  may  also  be  prepared  by  heating  caustic  potash  with 
potassium : 

2KOH-|-2K  =  2K,0  +  H,. 

It  is  usually  prepared  by  melting  potassium  and,  without 
furthur  application  of  heat,  leading  the  requisite  volume  of  pure 

1  For  other  alloys  of  potassium  consult  Smith,  Zdt.  anorg.  Chem.,  190",  56, 
109, 
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and  almost  dry  air  over  it.i  According  to  Holt  and  Sims,^ 
the  product  always  contains  metallic  potassium,  but  it  has 
been  prepared  pure  by  Rengade  by  distilling  off  the  metal  in 
vacuum.^ 

The  pure  oxide  is  white  at  ordinary  temperatures,  but  clear 
yellow  at  200°.  It  decomposes  at  400='  into  the  dioxide  and 
metal.     It  reacts  violently  with  water  to  form  the  hydroxide. 

165  Potassium  Hydroxide,  or  Caustic  Potash,  KOH. — This 
compound,  generally  known  by  its  old  name  of  caustic  potash, 
was  considered  to  be  an  oxide  of  potassium,  but  Darcet,*  in  the 
beginning  of  1808,  showed  that  ignited  caustic  alkali  contains 
some  other  ingredient  in  addition  to  oxygen  and  the  metal.  He 
believed  that  this  ingredient  was  in  all  probability  water  inas- 
much as  the  calculated  quantity  of  alkali  contained  in  the  carbon- 
ate neutralised  more  acid  than  the  same  quantity  of  the  ignited 
caustic  alkali.  From  this  time  forward  caustic  potash  was  con- 
sidered to  be  a  compound  of  potassium  oxide  and  water,  and  it 
was  not  until  a  much  later  period  that  it  was  recognised  to  be 
a  hydroxide,  or  a  compound  which  is  derived  from  water  by  the 
replacement  of  a  portion  of  the  hydrogen  by  a  metal. 

In  order  to  obtain  caustic  potash,  the  metal  may  be  allowed 
to  act  on  water,  but  it  is  generally  prepared  by  decomposing  a 
dilute  solution  of  potassium  carbonate  with  slaked  lime.  For  this 
purpose  one  part  by  weight  of  potassium  carbonate  is  dissolved 
in  twelve  parts  of  water,  the  solution  placed  in  an  iron  or  silver 
vessel  provided  with  a  lid,  heated  to  the  boiling  point,  and  then 
milk  of  lime  gradually  added  until  a  portion  of  the  filtered  liquid 
evolves  no  carbon  dioxide  when  treated  with  an  acid.  The 
solution  is  allowed  to  settle,  and  the  clear  liquid  drawn  off  into  a 
well-stoppered  vessel.  This  is  then  evaporated  in  a  silver  basin 
until  the  hydroxide  begins  to  volatilise.  In  order  to  ensure  the 
complete  separation  of  the  carbonic  acid  from  the  potash,  not 
less  water  than  that  mentioned  must  be  used,  and  the  water 
which  evaporates  from  time  to  time  must  be  renewed,  for 
when  only  four  parts  of  water  are  present  to  one  part  of 
potassium  carbonate  no  decomposition  takes  place.  A  concen- 
trated solution  of  caustic  potash  is  found  to  decompose  carbonate 
of  calcium  (Liebig).^  A  certain  amount  of  the  caustic  potash 
of  commerce  is  prepared  in  this  way.     It  is  usually  cast  in  the 

1  Kiihnemann,  Ohem.  Centr.,  1863,  491.     ^  joicni.  Chem.  Soc,  1894,  65,  438. 
3  Oompt.  rend.,  1907,  144,  753.  ■•  Ann.  Chim.,  1808,  68,  175. 

^  See  also  BoUlantler  and  Lucas,  Ztit.  ancjew.  Chem.,  1905,  18,  1137. 
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form  of  sticks  which  contain  more  or  less  water  as  well  as  all 
the  impurities  of  the  original  potassium  carbonate,  especially 
alumina,  potassium  chloride,  potassium  sulphate,  and  potassium 
silicate.  It  may  be  purified  by  dissolving  in  alcohol  in  the 
manner  already  described  for  caustic  soda  (p.  245). 

A  large  amount  of  caustic  potash  is  now  made  in  Germany 
by  the  electrolysis  of  solutions  of  potassium  chloride,  the  pro- 
cess being  similar  to  that  employed  for  the  production  of  caustic 
soda  from  salt  (p.  311). 

Pure  caustic  potash  may  also  be  obtained  by  adding  powdered 
potassium  sulphate  to  a  hot  concentrated  solution  of  barium 
hydroxide  (baryta  water)  until  a  small  quantity  of  sulphate  of 
potassium  remains  in  excess  ;  this  is  then  removed  by  a  careful 
addition  of  baryta  water.  The  clear  solution  poured  off  from 
the  insoluble  barium  sulphate  is  finally  evaporated  in  a  silver 
basin,  any  baryta  which  remains  in  solution  being  deposited  in 
the  form  of  carbonate  by  combination  with  the  carbonic  acid  of 
the  air.^ 

Attempts  have  been  made  to  manufacture  potash  from  the 
sulphate  by  the  action  of  lime,  but  hitherto  without  success.^ 

Wohler's  process  for  obtaining  pure  caustic  potash  consists  in 
decomposing  pure  potassium  nitrate  by  metallic  copper  at  a  red 
heat.^ 

Properties. — Pure  caustic  potash  is  a  hard,  white,  brittle 
substance,  often  e.'i.hibiting  a  fibrous  structure,  melting  below 
a  red  heat  to  a  clear  oily  liquid,  and  volatilising  in  the  form  of 
white  vapours  when  more  strongly  ignited.  The  vapour  of  this 
substance  decomposes,  at  a  white  heat,  into  potassium,  hydrogen, 
and  oxygen,  and  this  decomposition  explains,  according  to 
Deville,  the  formation  of  potassium  by  Gay-Lussac's  method. 

Caustic  potash  rapidly  absorbs  carbonic  acid  and  moisture  from 
the  air,  and  dissolves  in  water  with  evolution  of  heat.  Accord- 
ing-to  Ferchland,*  one  part  of  water  dissolves  1-07  parts  of 
caustic  potash  at  15°.  When  the  concentrated  aqueous  solution 
is  cooled,  the  hydrate  KOH,2Il20  crystallises  in  transparent 
colourless  acute  rhombohedra  which  melt  at  35-5°.  Crystalline 
hydrates,  2KOH,9H20  and  2KOH,5H20  have  also  been  de- 
scribed,^  and  Pickering'*  has  obtained  evidence  of  the  existence 

'  Schubert,  J.  pr.  Chem.,  1842,  26,  117. 

2  Harold,  Zeit.  Elehtrochem. ,  1905,  11,  417. 

■'  Annalen,  1853,  87,  373.  *  Zeit.  anorg.  Chem.,  1902,  30,  130 

5  Gottig,  Ber.,  1887,  20,  1094.         «  Journ.  Chem,  Soc,  1893,  63,  898, 
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of  KOH,H.,0,  melting  at  143°,  and  of  KOH,4H20,  melting  at 
—  32'7°.  According  to  a  German  Patent,  when  sohitions  contain- 
ing over  85  per  cent,  of  hydroxide  are  cooled,  anhydrous  KOH 
crystallises  out.^ 

The  aqueous  solution  of  caustic  potash,  sometimes  known  as 
potash  lye,  possesses  an  acrid  taste  and  a  peculiar  nauseous  odour : 
it  acts  as  a  powerful  cautery,  quickly  destroying  both  animal  and 
vegetable  substances.  For  this  reason  its  solution  cannot  be 
filtered  except  through  glass  or  sand,  and  it  is  best  clarified  by 
subsidence.  The  following  table  gives  the  specific  gravity  at 
1574°  of  solutions  of  potash  of  varying  strength  according  to 
the  experiments  of  Pickering.^ 


r  cent,  of 
KOH. 

1      . 

Specific 
gravity. 

.     10083 

5     . 

1-0452 

10 

.     10918 

15     . 

.     1-1396 

20 

.     1-1884 

25     . 

.     1-2387 

Per  cent,  o 
KOH. 

30 

■                  Specific 
gravity. 

.     .     1-2905 

35 

1-3440 

40 

1-3991 

45 

.     1-4558 

50 

.     .     1-5143 

The  solution  saturated  at  15°  has  the  sp.  gr.  1-5355  and  the 
concentration  of  51-7  per  cent.  Caustic  potash  also  readily 
dissolves  in  alcohol. 

The  liquor  potassce  of  the  Pharmacopoeia  contains  about  5  per 
cent,  of  the  hydroxide  KOH,  and  has  a  specific  gravity  of  1058. 
Caustic  potash  is  largely  used  in  the  form  of  a  lye  for  absorbing 
carbon  dioxide  in  both  organic  and  inorganic  analysis.  It  absorbs 
moisture  very  rapidly  from  the  air,  and  may,  therefore,  be 
employed  for  drying  certain  gases  and  liquids,  especially  organic 
substances  which  do  not  dissolve  it  and  are  not  acted  upon  by 
it.  The  chief  commercial  use,  however,  of  caustic  potash  is  for 
the  manufacture  of  soft  soap.  The  soap-maker  formerly  pre- 
pared his  lye  by  lixiviation  of  wood-ashes,  the  solution  thus 
obtained  being  causticised  by  boiling  with  milk  of  lime.  At  the 
present  day  the  commercial  carbonate  is  employed  for  this 
purpose;  or  caustic  potash  is  bought  ready  for  use. 

Potassium  Peroxide,  KgO^. — This  oxide  was  discovered  by 
Gay-Lussac  and  Th^nard.  It  is  best  obtained  by  heating 
potassium  in  excess  of  slightly  moist  air  or  oxygen.  The  metal 
takes  fire  at  a  temperature  of  from  60°  to  80°,  and  when  the 

1  D.  R.  P.,  189835  (1906).  =  Phil  Mag.,  1894:(5),  37,  359. 
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surface  is  kept  clean,  burns  to  peroxide.  In  order  to  obtain  the 
oxide  in  the  pure  state,  clean  potassium  must  be  moderately 
heated,  iirst  in  a  current  of  dry  air  and  then  in  dry  oxygen.  If 
the  metal  is  at  once  exposed  to  oxygen,  great  heat  is  evolved 
and  the  glass  is  attacked.  According  to  Vernon  Harcourt,'^  it  is 
best  to  bring  clean  dry  potassium  into  a  flask  containing  dry 
nitrogen,  in  which  it  is  melted.  The  nitrogen  gas  is  then 
gradually  displaced  by  air;  the  grey  film  which  covers  the 
molten  metal  is  seen  to  change  to  a  deep  blue ;  then  a  point  is 
reached  at  which  the  rapid  absorption  of  oxygen  begins. 
Gradually,  as  the  oxidation  proceeds,  the  metallic  coating  of  the 
inner  surface  of  the  bulb  changes  to  a  dead  white  ;  this,  how- 
ever, after  a  while  assumes  a  yellow  colour,  due  to  the  formation 
of  the  tetroxide.  By  the  action  of  ozone  on  dry  caustic  potash 
an  orange-yellow  substance  is  formed,  which  is  possibly 
identical  with  potassium  peroxide.^ 

Potassium  tetroxide  is  a  dark  chrome-yellow  coloured  powder, 
which  fuses  at  a  higher  temperature  than  caustic  potash,  forming 
a  black  liquid,  which,  when  the  temperature  falls,  solidifies  in 
lustrous  tabular  crystals  ;  at  a  white  heat,  or  when  kept  at  a 
red  heat  for  some  time,  it  is  decomposed  into  potassium  mon- 
oxide and  oxygen.  When  exposed  to  moist  air  it  loses  oxygen, 
forming  possibly  potassium  dioxide :  ^ 

K,0,  =  K,0,  -f  0,. 

Thrown  on  to  water  it  dissolves  with  considerable  evolution  of 
heat,  forming  caustic  potash,  hydrogen  peroxide,  and  free 
oxygen.  Carbon  monoxide  acts  upon  the  peroxide  at  a  tem- 
perature somewhat  below  100°  with  the  formation  of  potassium 
carbonate,  a  volume  of  oxygen  equal  to  that  of  the  carbon  mon- 
oxide employed  being  liberated  thus : 

K^O,  +  CO  =  K2CO3  -t-  O.,. 

The  heated  oxide  is  also  decomposed  by  carbon  dioxide  with 
liberation  of  oxygen,  and  by  hydrogen.* 

Phosphorus  and  sulphur  act  violently  upon  the  peroxide  with 
formation  of  potassium  phosphate  and  sulphate.  When  meta^ls 
such  as  potassium,  arsenic,  antimony,  and  zinc  are  heated  with 
this  compound,  they  are  oxidised  with  evolution  of  light  and 

1  Joiim.  Chem.  Soc,  1862,  14,  267. 

2  Baeyer  and  Villiger,  £er.,  1902,  35,  3038. 

"  Holt  and  Sims,  Joitrn.  Chem.  Soc,  1894,  65,  437.     ■*  Ber.,  1897,  30,  2515. 
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heat,  whilst  several  metals  such  as  bismuth,  lead,  iron,  and 
silver  undergo  oxidation  without  the  phenomenon  of  incan- 
descence. 

Potassium  and  Hydrogen. 

i66  Potassium  Jlydride,  KH. — Potassium,  when  heated  to 
360°  in  hydrogen,  yields  the  hydride  KH,  which  crj^stallises  in 
slender,  white  needles,  and  closely  resembles  the  sodium  com- 
pound (p.  249)  in  its  properties.^  It  ignites  spontaneously  in 
fluorine,  chlorine,  or  oxygen.  When  treated  with  moist  carbon 
dioxide  at  the  ordinary  temperature,  it  is  converted  into 
potassium  formate :  ^ 

KH-l-C02  =  KHC02. 

The  absorption  of  hydrogen  by  potassium  was  previously 
observed  by  Gay-Lussac  and  Thenard,  and  by  Troost  and, 
HautefeuilJe,^  who,  however,  did  not  obtain  the  crystalline 
hydride. 

Potassium  and  the  Halogens. 

167  Potassium  Fluoride,  KF. — This  is  formed  when  aqueous 
hydrofluoric  acid  is  neutralised  in  a  platinum  vessel  with  caustic 
potash  or  potassium  carbonate,  and  the  solution  evaporated 
down.  This  salt  crystallises  from  solutions  above  40°  in 
anhydrous  cubes,  below  that  temperature  in  prisms  of  the 
hydrate,  KF,2H20.  The  saturated  solution  of  this  hydrate  at 
18°  contains  48  per  cent,  of  the  anhydrous  salt.*  It  is  very 
deliquescent,  has  a  sharp  saline  taste,  and  melts  at  885°.^^  When 
it  is  dissolved  in  aqueous  hydrofluoric  acid  it  forms  an  acid 
fluoride,  KF,HF,  crystallising  in  tetragonal  tablets.  These  melt 
when  heated,  and  at  a  dark  red  heat  decompose  into  potassium 
fluoride  and  hydrofluoric  acid,  this  decomposition  being  em- 
ployed for  the  preparation  of  anhydrous  hydrofluoric  acid. 
Crystalline  compounds,  KF,2HF  and  KF,3HF,  have  also  been 
obtained  by  Moissan."  Potassium  fluoride  forms  a  large  number 
of  double  salts. 

Potassium  Chloride,  KCl,  is  a  substance  closely  resembling 
rock-salt.     Indeed  in  earlier  times  no  distinction  was  drawn 

1  Moissan,  Compt.  rend.,  1902,  134,  18.  ^  ma.,  1902,  134,  261. 

3  Ann.  Ohim.  Phys.,  1874  (5),  2,  27.3. 

*  Mylius  and  Funk,  Ber.,  1897,  30,  1716. 

-'  Rufif  and  Plato,  Ber.,  1903,  36,  2357.         "'  Compt.  rend.,  1888,  106,  547. 
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between  these  two  compounds,  bub  it  was  later  known  as  sal 
cligestivum  Sylvii  or  digestive  salt.  It  occurs  in  sea-water  as 
well  as  in  that  of  many  mineral  springs,  and  forms  the  chief 
portion  of  the  Stassfurt  potash-salt.  This  salt  exists  in  a  bed 
20  to  30  metres  in  thickness,  lying  above  the  deposit  of  rock-salt, 
and  consisting  chiefly  of  polyhalite,  2CaS04,MgS04,K2SO^,2H20 ; 
carnallite,  KGlMgCl^fiB./) ;  and  kieserite,  MgSO^.HgO,  inter- 
spersed with  layers  or  veins  of  tachydrite,  CaCl2,2MgCl2,l  21120  ; 
boracite,  2Mg3B80i5,MgCl2 ;  kainite,  KjSO^MgSO^MgCla.eH^O, 
and  sylvine,  KCl.  These  last  two  appear  to  be  formed  by 
the  action  of  water  upon  the  preceding  compounds.  In  these 
minerals  a  small  quantity  of  the  potassium  chloride  is  replaced 
by  potassium  bromide,  and  crystals  of  anhydrite  CaSO^, 
are  found  in  the  kieserite  beds.  The  minerals  composing 
this  bed  are  all  of  them  very  deliquescent,  and  their  position 
leads  to  the  inference  that  the  saline  deposits  at  Stassfurt  have 
been  formed  by  the  gradual  evaporation  of  an  inland  sea  or  salt- 
water lake.  This  is  rendered  more  probable  by  the  fact  that  in 
the  manufacture  of  sea-salt  in  the  so-called  salterns  on  the 
Mediterranean  coasts  similar  salts  are  deposited  from  the 
mother-liquors.  A  very  elaborate  investigation  into  the  con- 
ditions of  formation  of  these  minerals  has  been  made  by 
van't  Hoff.i  In  addition  to  the  deposits  at  Stassfurt, 
similar  beds  have  been  found  at  Kulusz,  in  the  East  Carpath- 
ians. These  potash  salts  do  not  occur  in  the  majority  of  sali- 
ferous  beds,  and  this  is  probably  due  to  the  fact  that  the  upper 
saline  strata  have  in  most  cases  been  washed  away,  whereas  in 
the  Stassfurt  deposit  they  have  been  protected  by  a  water-tight 
stratum  of  clay.^  The  mode  of  manufacture  of  potassium 
chloride  from  these  potash  salts  is  almost  identical  with  that 
proposed  by  Balard  ^  and  Merle  *  for  the  preparation  of  the 
chloride  from  sea-water,  and  by  Hermann  ^  for  preparing  it 
from  certain  mineral  springs. 

The  method  depends  on  the  fact  that  carnallite  is  easily 
soluble  in  a  hot  solution  of  magnesium  chloride,  whereas  sodium 
chloride  and  magnesium  sulphate  are  only  slightly  soluble  in 
this  liquid,  and  that  when  the  hot  liquor  is  allowed  to  cool 
the  double  salt  does  not  separate  out,  but  the  more  soluble  niag- 

1  Zur  Bildimg  der  ozeanischen  Salzablagerungen  (Braunschweig,  1905). 

"  For  a  full  account  of  thtse  deposits,  see  Thorpe's  Dic^  of  Appl,  Chem., 
vol.  iii.  265. 

■'  Jahresb.  Chem.  Technol.,  1865,  296. 

^  Bull.  Soc.  Chim.,  1868,  [2],  10,  63.         '  /.  pr.  Chtm.,  1853,  60,  284. 
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nesium  chloride  remains  in  solution  whilst  a  part  of  the  chloride 
of  potassium  crystallises  out.  The  crude  carnallite  is  crushed 
and  treated  with  a  mixture  of  the  mother-liquors  resulting  from 
later  processes  of  the  manufacture,  and  steam  is  passed  in. 
After  separation  of  the  suspended  insoluble  matter  and  the 
sodium  chloride  and  kieserite,  the  liquor  is  run  into  crystallising 
vessels  and  allowed  to  cool  gradually,  a  large  proportion  of  crude 
potassium  chloride  separating  out.  The  mother-liquor  is  then 
concentrated,  and  on  cooling  yields  a  further  deposit  of  the 
crude  chloride.  The  crude  potassium  chloride  is  purified  by 
washing  first  with  washing  liquor  from  a  former  operation,  and 
finally  with  water,  the  impurities  removed  being  sodium  chloride 
and  magnesium  chloride  and  sulphate.  The  quantity  of 
potassium  chloride  in  the  various  commercial  products  is  from 
75  to  98  per  cent.^ 

In  the  salines  on  the  west  and  south  coasts  of  France  the 
mother-liquors  remaining  after  the  common  salt  has  been 
deposited,  having  a  specific  gravity  of  1-22,  are  preserved  in 
reservoirs  during  the  summer,  when  a  mixture  of  magnesium 
sulphate  and  common  salt  {sd  mixte)  separates  out.  The  mother- 
liquor  from  this  is  evaporated  in  flat  pans  and  thus  converted 
into  carnallite,  which  is  worked  up  as  described. 

Potassium  chloride  crystallises  like  sodium  chloride,  in  cubes. 
It  has  a  cooling  saline  taste  and  a  specific  gravity  of  1-995  :  it 
melts  at  790°  (Ruff  and  Plato),  and  readily  volatilises  at  a  bright 
red  heat.  100  parts  of  water  dissolve  28  parts  of  potassium 
chloride  at  0°,  32-7  parts  at  15°,  and  56-5  parts  at  100°. 

When  potassium  chloride  is  melted  in  a  current  of  hydrogen 
gas,  or  when  the  fused  salt  is  subjected  to  electrolysis,  a  dark 
blue  mass  is  formed  which  probably  contains  a  sub-chloride  of 
potassium,  the  composition  of  which  has  not  been  satisfactorily 
ascertained. 

Potassium  chloride  is  used  for  the  preparation  of  other 
potassium  compounds  such  as  the  chlorate,  the  carbonate,  the 
chromate,  the  hydroxide,  the  nitrate  and  potash  alum,  but  by 
far  the  greatest  quantity  is  used  for  the  preparation  of  artificial 
manures,  for  which  purpose  the  crude  salt  is  employed. 

Potassium   Bromide,  KBr.— When   bromine   is   dissolved  in 

caustic  potash  a  mixture  of  bromide  and  bromate  of  potassium 

is  formed.     If  this  mixture  be  evaporated  and  gently  ignited, 

the  bromate  is  decomposed,  and  pure  potassium  bromide  is  left. 

1  See  Ber.  uber  EntwicU.  Chem.  Industrie,  1,  351. 
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The  usual  method  of  preparing  the  salt  on  the  large  scale  is  by 
the  action  of  bromine  and  water  on  iron  filings ;  the  bromide  of 
iron  thus  formed  being  then  decomposed  by  potassium  carbon- 
ate. 

Potassium  bromide  crystallises  in  cubes  possessing  a  sharp 
saline  taste,  melts  at  750°,  and  volatilises  at  a  high  temperature ; 
100  parts  of  water  at  15°  dissolve  62  parts  of  the  salt.  It  serves 
as  a  valuable  medicine,  especially  in  cases  of  nervous  diseases.  It 
unites  with  bromine,^  forming  a  very  unstable  tribromide,  KBrg. 

Potassium  Iodide,  KI.— This  salt  is  prepared  in  a  similar 
way  to  the  bromide.  It  crystallises,  like  the  two  former  salts, 
in  cubes,  which  possess  a  sharp  taste.  Potassium  iodide  melts 
at  685°  (Meyer,  Riddle,  and  Lamb),  705°  (Ruff  and  Plato),  and 
can  be  easily  vaporised  at  a  higher  temperature,  fhe  vapour 
having  a  normal  density.  100  parts  of  water  dissolve  at  0°; 
1279,  and  at  118'4°,  the  boiling  point  of  the  saturated  solution, 
222'6  parts  of  the  salt,  whilst  at  intermediate  temperatures  the 
solubility  increases  proportionally  to  the  rise  of  temperature 
(Mulder).  Potassium  iodide  is  sparingly  soluble  in  absolute 
alcohol,  and  is  soluble  also  in  acetone  and  glycerol.  The  com- 
mercial iodide  of  potassium  generally  possesses  an  alkaline 
reaction;  in  order  to  obtain  it  perfectly  neutral  it  must  be 
dissolved  in  the  smallest  quantity  of  water,  neutralised  with 
dilute  sulphuric  acid,  the  potassium  sulphate  precipitated  by  the 
addition  of  pure  alcohol,  and  the  solution  allowed  to  crystallise 
(Groves).  Potassium  iodide  is  largely  used  in  medicine  both  for 
internal  and  for  external  application,  especially  in  scrofulous 
and  syphilitic  diseases. 

Potassium  Tri-iodide,  KI3. — This  compound  is  formed  by 
saturating  a  concentrated  solution  of  potassium  iodide  with 
iodine.  A  brown  liquid  having  a  metallic  lustre  is  obtained, 
and  this  on  evaporation  over  sulphuric  acid  yields  needle-shaped 
almost  black  crystals  which  possess  a  metallic  lustre.  They  are 
very  deliquescent  and  readily  lose  iodine  when  gently  heated 
(Johnson).- 

Experiments  on  the  distribution  of  iodine  between  carbon 
disulphide  and  potassium  iodide  solution  show  that  this  salt  is 
dissociated  in  solution  into  the  ions  K'  and  I3',  and  is  to  be 
regarded  as  the  salt  of  an  acid,  HI3,  which  belongs  to  the  class 


1  SeeWorley,  Jmtrn.  Ohem.  80c.,  1905,  87,  1 107  ;  Jakowkin,  Zeit.  physikal. 
Chem.,  1896,  20,  719. 

2  Joum.  Chem.  Soc,  1877,  249. 
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of  strong  acids.'^  There  is,  moreover,  some  evidence  that  the 
compound  KIg  exists  in  solution  in  nitrobenzene  and  other 
similar  solvents.^ 

According  to  Abegg,  the  only  solid  polyiodide  of  potassium 
which  can  exist  at  25°  is  KI7,  but  this  salt  has  not  been  actually 
isolated.^ 

Potassium  lodoietracMoride,  KICl^,  was  prepared  by  Filhol  in 
1839,  by  the  action  of  chlorine  on  a  solution  of  potassium 
chloride  containing  iodine.  It  forms  lustrous,  golden  yellow 
crystals. 

168  Potassmm  HyjpoMorite,  KCIO.— When  chlorine  is  passed 
into  a  dilute  cold  solution  of  caustic  potash  or  potassium 
carbonate,  a  mixture  of  potassium  chloride  and  potassium 
hypochlorite  is  obtained.  This  liquid  was  first  prepared  by 
Berthollet,  and  the  solution,  known  by  the  name  "  Eau  de 
Javelle,"  was  formerly  largely  used  for  bleaching  purposes  (see 
Vol.  I.,  p.  345).  It  can  also  be  prepared  by  electrolysis 
of  potassium  chloride  solutions.  Pure  potassium  hypochlorite 
has  not  yet  been  prepared. 

Potassium  Chlorate,  KCIO3. — It  appears  likely  that  this  salt 
was  known  to  Glauber.  In  one  of  his  works  he  mentions  that 
he  is  acquainted  with  a  means  of  converting  muriatic  acid  into 
nitric  acid,  and  in  his  "  Continuatio  Miraculi  Mundi "  he 
mentions  a  peculiar  kind  of  saltpetre  which  he  had  prepared  by 
means  of  common  salt.  This  was  probably  potassium  chlorate. 
In  like  manner  Winterl,  in  1789,  believed  that  he  had  converted 
muriatic  acid  into  nitric  acid  by  strongly  heating  muriate  of 
lime  (calcium  chloride)  in  a  retort  with  black  oxide  of  mangan- 
ese and  leading  the  product  into  a  receiver  containing  a  small 
quantity  of  caustic  potash.  Higgins  also  stated  in  1786  that 
by  the  action  of  dephlogisticated  muriatic  acid  (chlorine)  on 
the  alkalis,  a  peculiar  kind  of  saltpetre  is  formed.  Potassium 
chlorate  was  afterwards  prepared  by  Berthollet  in  his  classical 
investigation  of  the  action  of  chlorine  on  the  alkalis  in  1786. 

Manufacture. — This  salt  was  formerly  produced  on  the  large 
scale  by  passing  chlorine  into  a  concentrated  solution  of  caustic 
potash  or  potassium  carbonate;  being  only  slightly  soluble 
in  water  it  crystallises  out  when  the  solution  is  cooled.     The 

1  Jakowkin,  Zel/.  phydkal.  Chem.,  1896,  20,  19;  Dawson,  Journ.  Chan. 
Soc,  1901,  79,  238. 

'  Dawson  and  Gawler,  Journ.  Chem.  Soc,  1902,  81,  524;  Dawson,  ibid., 
1904,  85,  467. 

'  Zeit,  anory.  Che.m.,  1906,  50,  414. 
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product  of  these  and  any  similar  reactions  is  a  hypochlorite  so 
long  as  the  alkali  remains  in  excess : 

2K0H  +  CU  =  KOCl  +  KCl  +  H^O, 

but  directly  the  alkali  is  exhausted  and  the  chlorine  is  present 
in  excess  the  hypochlorite  is  suddenly  converted  with  evolution 
of  a  considerable  amount  of  heat  into  chlorate  : 

3K0C1  =  KC103  +  2KC1. 

In  order  to  use  a  less  expensive  potassium  salt  and  also  less 
of  it,  chlorine  is  passed  into  milk  of  lime  until  the  chlorate  is 
formed  : 

6Ca(OH)2  +  6Cl2  =  CaCOlOj).,  +  5CaCL  +  6H,0; 

the  clear  settled  liquor  is  concentrated  by  evaporation  and  a 
quantity  of  potassium  chloride  exactly  equivalent  to  the  calcium 
chlorate  present  is  added ;  on  cooling  potassium  chlorate 
crystallises  out.  From  1870  this  process  has  been  carried  out 
on  a  very  large  scale  in  Widnes  and  St.  Helens,  the  output  for 
1887  being  5,500  tons.  Large  quantities,  however,  are  now 
made  electrolytically  elsewhere  A  very  complete  description 
of  this  industry  has  been  given  by  Jurisch.^ 

The  lime  process  is  now  being  largely  supplemented  by  a 
modification  of  Berthollet's  original  caustic  potash  method,  in 
which  the  caustic  potash  and  the  chlorine  are  simultaneously 
formed  by  the  electrolysis  of  a  solution  of  potassium  chloride 
and  immediately  react  upon  each  other ;  by  repeating  the 
operation  upon  the  mother-liquors  after  cooling,  the  original 
solution  is  ultimately  converted  into  potassium  chlorate  and 
hydrogen : 

KCl  +  3B.p  =  KCIO3  +  SH^. 

The  process  was  introduced  in  18S6  by  Gall  and  Montlaur  in 
Switzerland,  and  is  now  also  in  use  in  France,  Germany,  Austria, 
Sweden,  and  the  United  States,  the  necessary  current  being  ob- 
tained in  each  case  from  water  power.  A  description  of  the 
process  has  been  published  by  Kershaw.^  The  yearly  output  of 
potassium  chlorate  is  probably  over  20,000  tons,  the  main 
portion  of  which  is  prepared  electrolytically. 

Properties. — Potassium  chlorate  crystallises  in  large  trans- 
parent   monoclinic    tablets    having    a    glassy    lustre;     these 

'  Die  Fahrikatiou  von  cUormnrem  Kali,  1888. 
''  Die  eleldrolytiache  Chloraliudiiatrie,  1905. 


POTASSIUM  PBRCHLORATE  335 


when  they  are  of  certain  dimensions,  exhibit  magnificent 
iridescent  colours,  and  emit  light  when  rubbed  in  the  dark. 
The  crystals  of  potassium  chlorate  have  a  feebly  acid  and  cool- 
ing taste  similar  to  that  of  nitre.  They  have  the  sp.  gr.  2-35, 
melt  without  decomposition  at  359°  (Carnelley),  and  at  372°  they 
begin  to  decompose  with  evolution  of  oxygen.  The  nature  of 
the  decomposition  and  the  effect  of  the  addition  of  certain  oxides 
has  already  been  discussed  (Vol.  I.,  p.  241).  100  parts  of 
water  dissolve  at  0°,  3'3  parts,  at  20°,  7'1  parts,  and  at  104'2°, 
the  boiling  point  of  the  saturated  solution,  61 '5  parts  of  the 
salt  (Gay-Lussac,  Legrand). 
„—  Potassium  cJitorate  is  largely  used  in  the  laboratory  for  the 
preparation  of  oxygen  gas.  It  alscTaCt^^  a  powerful  oxidising 
agent  and  is  employed  in  the  manufacture  ot~tesifejL.S^hes 
and  certain  explosives,  for  pyrotechnic  purposes,  and  in  caliS? 
printing.  In  large  doses  it  acts  as  an  irritant  poison,  like  nitre 
and  other  soluble  potassium  salts.  It  was  formerly  given  in 
small  doses  in  cases  of  scarlet  fever,  scurvy,  and  other  diseases, 
as  it  was  believed  to  act  as  an  oxidising  agent  on  the  blood, 
but  it  has  been  shown  that  the  whole  of  the  salt  passes  out  un- 
decomposed  in  the  urine.  It  is  still  employed  as  a  gargle  for 
the  purpose  of  allaying  inflammation  of  the  throat. 

The  powerful  oxidising  properties  of  potassium  chlorate  can 
be  readily  exhibited.  If  a  small  quantity  of  the  powdered  salt  be 
thrown  on  to  glowing  charcoal,  a  rapid  combustion  takes  place. 
If  a  few  grains  of  this  salt,  together  with  a  few  grains  of 
flowers  of  sulphur,  are  rubbed  together  in  a  mortar,  loud  ex- 
plosions occur,  and  if  a  grain  of  the  mixture  be  struck  with  a 
hammer  a  loud  detonation  takes  place.  Only  very  small 
quantities  of  the  mixture  must  be  used,  as  otherwise  the 
explosions  may  become  dangerous.  Further,  if  a  small  quantity 
of  red  phosphorus  be  carefully  mixed  by  means  of  a  feather 
with  the  same  quantity  of  powdered  potassium  chlorate,  the 
mixture  will  explode  when  struck  even  a  slight  blow  with  a 
glass  rod.  This  may  also  be  shown  by  allowing  a  few  drops  of 
a  solution  of  phosphorus  in  carbon  disulphide  to  fall  on 
powdered  potassium  chlorate ;  after  a  few  moments  a  violent 
explosion  occurs. 

Potassium  PercJilm-ate,  KCIO^. — The  preparation  of  this  salt 
by  heating  potassium  chlorate  has  already  been  described  and 
explained  in  Vol.  I.,  p.  357.  It  is  also  prepared  by  the 
electrolytic  oxidation  of  potassium  chlorate  in  neutral  or  acid 
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solution,!  or  more  conveniently  by  submitting  sodium  chlorate 
to  this  treatment  and  then  adding  potassium  chloride.  It  forms 
small  rhombic  crystals  which  possess  a  slightly  saline  taste  and 
melt  at  about  610° ;  100  parts  of  water  dissolve  at  0°,  0-71  part, 
at  50°,  5-34  parts,  and  at  100°,  18-7  parts  of  salt  (Muir) ;  it  is 
almost  insoluble  in  strong  alcohol,  and  is  therefore  used  for  the 
quantitative  estimation  of  potassium. 

Potassium  Bromate,  KBrO^,  is  obtained  according  to  Stas,  by 
passing  chlorine  into  a  warm  solution  of  potassium  bromide 
and  caustic  potash  : 

KBr  +  6K0H  +  3Cl2  =  KBr0,  +  fiT^«^^^^^2O. 

A  i-"  f    tho   '"■^''    crystallises    out    on  cooling,   and    the 

^■„^ci  is  precipitated  on  addition  of  alcohol,  together  with 
a  little  potassium  chloride,  from  which  it  is  easily  separated  by 
recrystallisation.  According  to  Marignac,  it  forms  hexagonal 
(ditrigonal  pyramidal)  crystals  and  separates  out  in  six-sided 
tablets  or  prisms  which  have  the  appearance  of  cubes.  100 
parts  of  water  dissolve  6'9  parts  of  the  salt  at  20°,  and  49'8 
parts  at  100°.  It  melts  at  434°,  and  is  converted  by  ignition 
into  potassium  bromide  and  oxygen,  bromine  being  also  evolved 
when  it  is  heated  slowly. 

Potassmm  lodate,  KIO3,  is  formed  together  with  the  iodide 
by  the  action  of  iodine  on  caustic  potash,  but  it  is  most  readily 
obtained  by  heating  potassium  chlorate  with  iodine : 

2KC103+l2  =  2KI03+Cl2; 

the  liberated  chlorine  combines  with  excess  of  iodine  to  form 
iodine  mono-  and  tri-chloride.^  Potassium  iodate  crystallises  in 
small  cubical  crystals,  melts  at  560°,  and  begins  to  decom- 
pose at  a  much  higher  temperature  than  the  chlorate.  100 
parts  of  water  dissolve  81  parts  of  the  salt  at  20°,  and  32'3  parts 
at  100°.  It  combines  with  iodic  acid  to  form  the  compounds 
KI03,HI03,  and  KI03,2HI03  (see  Vol.  I.,  p.  369). 

Potassium  Periodate,  KIO^,  is  formed  when  chlorine  is  passed 
through  a  mixture  of  caustic  potash  and  potassium  iodate.  It 
can  also  be  obtained  electrolytically  by  the  anodic  oxidation  of 
potassium  iodate.  It  separates  out  as  shining  crystals  which 
are  isomorphous  with  those  of  potassium  perchlorate,  and  melt 

1  Foerster,  Zeit.  Ekktroshem. ,  1898,  4,  386. 

2  Thorpe  and  Perry,  Journ.  Chem.  80c. ,  1892,  61,  925.  See  also  Schlotter, 
Zeit.  anorg.  Chem.,  1905,  45,  270. 
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at  582°.  When  a  hot  concentrated  sohition  of  the  salt  is 
mixed  with  alcoholic  potash,  rhombohedra  of  pofassmm  meso- 
periodate,  K3l05,4H20,  are  deposited.  These  have  an  alkaline 
reaction,  and  absorb  carbon  dioxide  from  the  air.  When  the 
normal  salt  is  evaporated  together  with  caustic  potash,  triclinic 
prisms  of  potassium  di-periodate,  K^IjOg.QHgO,  are  deposited, 
which  have  an  alkaline  reaction  (see  also  Vol.  I.,  p.  363). 


POTASSIUM  AND    SULPHUR. 

i6g  Potassium  Mo7iostdphide,  K^S. — This  substance  is  formed, 
accordmg  to  Berzelius,  by  passing  hydrogen  over  heated 
potassium  sulphate.  It  forms  a  pale  red  crystalline  mass,  which 
becomes  darker  on  heating,  and  melts  to  a  black  liquid  below  a 
red  heat.  Berthier  obtained  the  same  compound  as  a  flesh- 
coloured  mass  by  strongly  heating  the  sulphate  with  carbon : 

K2SO,  +  4C  =  K2S  +  4CO. 

In  order,  however,  to  obtain  this  substance  a  larger  amount  of 
carbon  is  needed  than  that  represented  in  the  above  equation ; 
otherwise  a  mixture  of  higher  sulphides  with  potassium  carbon- 
ate is  obtained  (Wittstock).  Indeed  it  appears  impossible  to 
obtain  perfectly  pure  monosulphide  in  this  way,  as  even 
the  substance  obtained  by  reduction  with  hydrogen  contains 
higher  sulphur  compounds.^  The  mass  deliquesces  in  moist 
air,  and  dissolves  in  water  with  a  considerable  evolution  of 
heat. 

If  potash  lye  be  saturated  with  sulphuretted  hydrogen,  and  if 
then  an  equal  quantity  of  alkali  be  added  to  the  liquid,  a 
solution  of  the  monosulphide  is  obtained.  This  remains  colour- 
less if  the  air  be  excluded,  possesses  an  alkaline  taste,  and  acts 
on  the  skin  as  a  strong  caustic.  When  evaporated  in  a  vacuum 
at  a  low  temperature,  four-sided  prisms  are  deposited,  having  the 
formula  KjS.SHgO.^  Hydrates  with  I2H2O  and  with  2H2O  have 
also  been  obtained  (Bloxam).  If  this  aqueous  solution  is  boiled, 
only  traces  of  sulphuretted  hydrogen  are  given  off,  and  when 
exposed  to  the  air  it  becomes  yellow  from  absorption  of  oxygen 
and  carbon  dioxide,  and  formation  of  potassium  thiosulphate 
and  potassium  carbonate ;  the  sulphuretted  hydrogen  which  is 

1  Bauer,  /.  pr.  Chem.,  1858,  75,  246. 

2  Sohone,  Po(/(j.  Amu,  1867,  131,  380. 
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liberated  decomposes  with  formation  of  water  and  sulphur,  and 
the  latter  substance  unites  with  the  monosulphide  to  form 
higher  sulphides.  On  shaking  the  yellow  solution  with  metallic 
copper  it  again  becomes  colourless.  The  main  product  of  the 
action  of  air  free  from  carbon  dioxide  on  a  solution  of  the 
monosulphide  is  sulphite,  the  liquid  remaining  colourless. 

Fotassium  Hydrosulphide,  KSH. — This  substance  was  first 
prepared  by  Gay-Lussac  by  heating  potassium  in  dry  sulphur- 
etted hydrogen.  He  then  observed  that  the  same  quantity  of 
potassium  which  was  capable  of  evolving  one  volume  of 
hydrogen  from  water  was  able  to  combine  with  all  the  sulphur 
in  two  volumes  of  sulphuretted  hydrogen,  liberating  half  the 
hydrogen : 

2K  +  2H2S  =  H2  +  2KSH. 

Berzelius  obtained  the  same  compound  by  the  action  of 
sulphuretted  hydrogen  on  carbonate  of  potassium  heated  to 
dull  redness,  but  the  product  of  this  reaction  is  by  no  means 
pure  (Bloxam) : 

K2CO3  +  2H2S  =  2KSH  +  H2O  +  COo. 

It  can  be  obtained  pure  by  passing  sulphuretted  hydrogen 
through  anhydrous  ether  in  which  metallic  potassium  is  placed.^ 
This  body  forms  a  white  or  yellowish  deliquescent  mass,  which 
when  heated  to  450°  — 510°  melts  to  a  liquid,  and  at  a  higher 
temperature  becomes  of  a  dark  red  colour.  It  is  very  soluble 
in  water,  and  the  aqueous  solution  is  very  easily  obtained  by 
saturating  caustic  potash  solution  with  sulphuretted  hydrogen. 
This  forms  a  colourless  liquid  which  smells  slightly  of  sul- 
phuretted hydrogen,  has  an  alkaline  and  bitter  taste,  decomposes 
very  slowly  when  boiled,  and  on  exposure  to  air  containing 
carbon  dioxide  becomes  yellow  owing  to  the  formation  of  higher 
sulphides.  When  exposed  for  a  still  longer  time  to  the  action 
of  the  air  it  becomes  colourless,  inasmuch  as  potassium  thio- 
sulphate  is  formed.  If  the  concentrated  solution  is  allowed  to 
evaporate  over  caustic  lime  or  caustic  soda  in  a  vacuum, 
colourless  glittering  rhombohedral  crystals  separate  out,  having 
the  formula  2KSH,H20. 

A  number  of  polysulphides  have  been  described,  having  the 
formulae  KgSj,  K^Sj,  KgS^,  and  KgSj,  which  are  obtained  by  the 
action  of  sulphur,  sulphuretted  hydrogen,  or  carbon  disulphide 
1  Bloxam,  Jouni.  Chem.  Soc,  1900,  77,  758. 
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Vapour  on  the  monosulphide,  or  compounds  which  readily 
yield  it.  They  are  described  as  yellowish-red  or  dark  red 
substances,  which  dissolve  readily  in  water.  Spring  and 
Demarteau/  however,  regard  these  polysulphides  as  solid 
solutions  of  sulphur  in  the  monosulphide,  as  in  their  reactions 
with  iodine,  potassium  sulphite,  and  ethyl  iodide,  they  behave 
as  mixtures  of  these  two  substances.  They  are  also  all  reduced 
to  the  monosulphide  when  their  solutions  are  shaken  with 
mercury. 

Crystalline  polysulphides  of  the  formulae  K^Sg,  K^Sg,  and 
KjSjg  have  also  been  obtained  by  the  action  of  potassium 
hydrosulphide  on  sulphur.  The  first  two  when  treated  with 
carbon  disulphide  yield  the  stable  yellow  sulphide  K^Sj.^  They 
all  take  up  water  of  crystallisation. 

Liver  of  Sulphur  or  Hepar  Sulphioris. — This  is  an  old  name 
given  to  a  mixture  of  potassium  polysulphides  with  potassium 
sulphate,  or  potassium  thiosulphate.  It  is  obtained  by  gently 
heating  sulphur  with  carbonate  of  potassium  in  a  covered  vessel. 
The  composition  of  the  liver-coloured  mass  thus  obtained  is 
variable,  according  to  the  proportions  in  which  the  bodies  have 
been  mixed  and  the  temperature  to  which  they  have  been  heated. 
Liver  of  sulphur  was  well  known  to  the  alchemists  of  the 
middle  ages.  Stahl  considered  it  to  be  a  compound  of  the  alkali 
with  sulphur,  and  called  it  "  sulphurised  alkali."  He  also  knew 
that  it  could  be  prepared  by  heating  sulphate  of  potash  with 
carbon,  and  used  this  fact  to  prove  that  only  one  kind  of 
phlogiston  exists  (see  Vol.  I.,  p.  14).  Liver  of  sulphur  is  used 
in  medicine,  and  is  termed  in  the  Pharmacopoeia,  potassa  sul- 
phurata.  It  is  used  also  by  gardeners  to  get  rid  of  mildew  and 
exterminate  insect  pests. 

170  Potassium  Sulphite,  KgSOjj,  is  prepared  by  dissolving  100 
grams  of  caustic  potash  in  200  c.c.  of  water  previously  freed  from 
dissolved  air,  and  saturating  with  sulphur  dioxide ;  a  further 
quantity  of  100  grams  of  caustic  potash  dissolved  in  a  very 
small  volume  of  water  is  then  added,  and  the  solution  allowed 
to  evaporate  in  vacuo.  Potassium  sulphite  separates  in  small 
deliquescent  hexagonal  crystals  which  are  more  soluble  in 
cold  than  in  hot  water.  The  monohydrated  salt,  K2S03,H20,  is 
obtained  by  dissolving  the  metabisulphite  in  water,  adding  an 
equivalent  quantity  of  caustic  potash,  evaporating  and  allowing 

1  Bull.  Soc.  Ghim.,  1899  (3),  1,  311. 

^  Bloxam,  Journ.  Chem.  Soi:.,  1900,  77,  767. 
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to  crystallise.  The  dihydrated  salt,  K2S03,2H20,  is  obtained 
when  the  solution  is  allowed  to  evaporate  over  sulphuric  acid, 
and  forms  oblique  rhombic  octahedra,  which  possess  a  bitter 
alkaline  taste,  and  are  also  more  soluble  in  cold  than  in  hot 
water.     The  solutions  readily  undergo  oxidation  in  the  air. 

Two  isomeric  potassium  sodium  sulphites,  Na.SOj-OK  and 
K.SO.^.ONa,  are  also  known.  These  have  already  been  described 
in  Vol.  I,  p.  398. 

Potassium  Hydrogen  Sulphite,  KHSO3,  is  produced  when  a 
solution  of  the  normal  salt  or  of  caustic  potash  is  saturated 
with  sulphur  dioxide.  On  addition  of  alcohol  it  separates  out 
in  needle-shaped  crystals,  which  taste  of  sulphurous  acid,  and 
have  a  neutral  reaction. 

Potassium  MetabisidiMte,  K2S.2O5,  is  formed  when  sulphur 
dioxide  is  passed  into  a  hot  saturated  solution  of  potassium 
carbonate  (Muspratt),  or  into  a  mixture  of  milk  of  lime  and 
potassium  sulphate  (Boake  and  Roberts).  It  forms  monoclinic 
crystals  which  are  sparingly  soluble  in  water  and  have  an 
unpleasant  acid  taste.  Potassium  metabisulphite  is  employed 
in  photography. 

171  Potassium  Sulphate,  K2S0^. — The  mode  of  preparing  this 
salt  was  known  as  early  as  the  fourteenth  century.  It  was  first 
obtained  from  the  residues  of  the  manufacture  of  aqua  fortis, 
and  afterwards  by  the  action  of  sulphuric  acid  on  crude 
potashes.  Potassium  sulphate  is  probably  one  of  the  salts 
whose  constituents  were  first  determined  by  analysis.  Glauber, 
Boyle,  and  Tachenius  were  acquainted  with  its  composition,  and 
in  the  seventeenth  century  it  was  termed  arcanum  or  sal  dupli- 
catum,  because,  according  to  the  then  prevalent  ideas,  it  was 
made  up  of  an  acid  salt  and  an  alkaline  salt.  The  decomposi- 
tion of  this  salt  into  its  constituent  parts  was  at  that  time 
supposed  to  be  a  most  difficult  matter.  Indeed,  Stahl  proposed 
the  following  question  to  the  French  Academy  :  How  is  it  possible 
to  decompose  this  salt  instantly  when  held  in  the  hand  ? 
Although  none  of  the  Academicians  were  able  to  answer  this 
question,  Stahl  accomplished  his  purpose  by  adding  nitrate 
of  silver,  which  at- once  separated  vitriolic  acid  from  the  alkali. 

Potassium  sulphate  is  found  native  in  the  lavas  of  Vesuvius. 
It  is  also  obtained  from  the  kainite,  KjSO^.MgSO^.MgClj.GHaO, 
and  schonite,  K2SC)4,MgS04,6H20,  of  the  Stassfurt  beds  and  of 
those  of  Kulusz,  and  as  a  by-product  in  several  chemical  manu- 
factures, such  as  that  of  potassium  dichromate,  as  well  as  in  the 
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lixiviation  of  kelp.  It  is  now  manufactured  by  the  double  decom- 
position of  potassium  chloride  and  magnesium  sulphate  in 
aqueous  solution,  and  is  also  prepared  to  a  small  extent  by  the 
action  of  sulphuric  acid  on  the  chloride.^ 

Potassium  sulphate  crystallises  in  small,  hard,  rhombic  pyra- 
mids, possessing  a  hexagonal  or  prismatic  habit ;  it  has  a 
specific  gravity  of  2-6633  at  2074°  (Tutton),  and  melts  at 
1050°.  One  hundred  parts  of  water  at  15°  dissolve  10'3  parts 
of  this  salt,  whilst  24'1  parts  dissolve  in  the  same  quantity  of 
water  at  100°.  Aqueous  alcohol  dissolves  it  in  quantities 
proportional  to  the  amount  of  water  which  the  alcohol  contains. 
The  salt  is  quite  insoluble  in  a  solution  of  caustic  potash  of 
specific  gravity  1'35  (Liebig),  and  in  absolute  alcohol.  It  has  a 
bitter  saline  taste  and  can  be  volatilised  only  at  a  very  high 
temperature. 

Potassium  sulphate  is  used  as  a  purgative,  and  is  employed  in 
large  quantities  for  the  manufacture  of  potash  alum  and  potass- 
ium carbonate.  Potassium  sulphate  itself  as  well  as  the 
mineral  kainite  and  the  double  salt  K2SO^,2MgSO^,H20,  which 
is  prepared  from  it,  are  also  very  largely  used  as  fertilisers. 

Potassmm  Hydrogen  Sulphate,  KHSO^. — In  1754,  Rouelle 
proved  that  in  addition  to  the  arcanitm  duplicatuui,  other  salts 
exist  containing  an  excess  of  acid  chemically  combined.  Amongst 
these  he  mentions  acid  potassium  sulphate,  which  he  obtained 
in  the  crystalline  state.  The  same  salt  is  found  native  in  the 
Grotto  del  Sofo,  near  Naples,  in  the  form  of  long  silky  needles. 
It  is  frequently  obtained  in  the  laboratory  as  a  by-product  in 
the  preparation  of  nitric  acid  from  saltpetre  and  sulphuric 
acid.  It  crystallises  in  rhombic  pyramids,  according  to  Marignac, 
in  rhombohedra  according  to  Jacquelain,  has  a  specific  gravity 
of  2'163,  melts  at  197°,  dissolves  readily  in  water,  and  possesses 
an  acid  saline  taste.  When  brought  into  contact  with  alcohol 
it  is  decomposed  into  sulphuric  acid  and  the  normal  salt,  which 
is  insoluble  in  this  liquid.  When  the  acid  sulphate  is  re- 
crystallised  from  aqueous  solution  the  normal  salt  is  found  to 
separate  out  first,  then  crystals  of  a  salt  having  the  compo- 
sition -KgSO^KHSO^  are  deposited,  and  at  last  the  acid 
sulphate  crystallises  out.  Salts  of  the  formulae  K.^SO^.SKHSO^ 
and  KgSO^.eKHSO^  have  also  been  described.^ 

Potassium    Disulphate,    KgSaOy.— This   salt   is   obtained    by 

1  Precht,  Zeit.  angew.  Chem.,  1906,  19,  1. 

2  Stortenbeker,  Bee.  trav.  chim.,  1902,  21,  399. 
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gently  igniting  the  normal  salt  with  sulphuric  acid  until 
the  mass  fuses  quietly.  It  is  also  formed  when  the  acid 
salt  is  heated  with  potassium  chlorosulphonate,  a  compound 
obtained  by  the  action  of  sulphur  trioxide  on  potassium 
chloride  : 

/CI  .OK         ^V^K 


S0„<  +     so/  =        \0       +  HCl. 

SO,— OK 


^OK  '  ^OH  ^ 


^2 


The  salt  crystallises  on  cooling  in  long  needles  which  decompose 
when  brought  into  contact  with  water,  evolving  much  heat  and 
yielding  the  acid  sulphate.  When  dissolved  in  fuming  sul- 
phuric acid  this  salt  deposits  transparent  prismatic  crystals  of 
potassium  hydrogen  disulphate,  KHSgOy. 

Fotassium  thiosulphate,  KjSgOj,  is  prepared  in  a  similar 
manner  to,  and  closely  resembles  the  corresponding  sodium  salt. 
Two  isomeric  sodium  potassium  thiosulphates  are  also  known 
(Vol.  L,  p.  448). 

Fotassium  Persulphate,  K^SgOg. — This  salt  is  obtained  by  the 
electrolysis  of  a  saturated  solution  of  potassium  hydrogen  sul- 
phate, and  forms  large  tabular  crystals  which  are  sparingly 
soluble  in  water.  Details  of  its  preparation  and  properties  have 
already  been  given  in  Vol.  I.,  p.  445. 

Potassium  Selenate,  KgSeO^,  is  isomorphous  with  potassium 
sulphate.  It  has  the  sp.  gr.  3'0657  at  2074°,  deliquesces  in  the 
air,  and  dissolves  to  the  extent  of  115  parts  in  100  parts  of 
water  at  12°.^  When  a  solution  of  this  salt  and  selenic  acid  is 
electrolysed,  a  pei-selenate  is  formed,^  which  probably  has  the 
formula  KgSogOg. 

Potassium  Azoiniide,  NgK,  can  be  prepared  by  neutralising 
hydrazoic  acid  with  potassium  hydroxide,  or  by  the  action  of 
nitrous  oxide  on  potassamide, 

2KNH2  +  N„p  =  N3K  +  NH3  +  NaOH. 

Potassium  and  Nitrogen. 

172  Potassamide,  NH^K. — This  compound  was  discovered  by 
Gay-Lussac  and  Thenard  in  1811.  It  is  prepared  by  gently  heat- 
ing potassium  in  ammonia  gas,  and  is  usually  obtained  as  an 

1  Tutton,  Journ.  Chem.  Soc,  1897,  71,  846. 

2  Dennis  and  Brown,  /.  Amer.  Chem.  Soc,  1901,  23,  358. 
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olive-green  or  brown  mass,  but  when  the  potassium  is  heated  in 
a  silver  boat,  it  forms  a  white  waxy  crystalline  mass,  which  melts 
at  272 — 274°  and  sublimes  above  400°.^  It  quickly  decomposes 
in  moist  air,  yielding  caustic  potash  and  ammonia,  and  when 
water  is  added  the  same  decomposition  takes  place  with  rapid 
liberation  of  heat,  and  frequently  also  of  light.  When  strongly 
heated,  it  slowly  undergoes  decomposition  into  its  elements,  but 
does  not,  according  to  Titherley,  leave  a  residue  of  the  black 
potassium  nitride  described  by  Davy,  which  probably  does  not 
exist. 

Potassmm  Nitrite,  KNOj,  is  formed  when  saltpetre  is  heated 
until  one-third  of  the  oxygen  is  evolved  (Mitscherlich).  The 
residue  invariably  contains  undecomposed  nitrate,  and  also 
oxides  of  potassium.  The  above  decomposition  takes  place  more 
readily  in  the  presence  of  metallic  iron,  copper,  or  lead  (Stro- 
meyer).  In  order  to  prepare  it  in  this  way  two  parts  of  lead 
may  be  employed  to  one  part  of  saltpetre.  The  latter  salt  is 
fused,  and  the  fused  mass  heated  to  dull  redness,  the  lead  then 
added  little  by  little,  and  the  cooled  mass  lixiviated  with  water. 
On  evaporation,  or  on  neutralising  in  the  cold  with  dilute 
sulphuric  acid  and  adding  to  the  solution  twice  its  weight  of 
alcohol,  crystals  of  the  nitrite  are  precipitated. 

Pure  potassium  nitrite  is  best  prepared  by  decomposing  silver 
nitrite  with  potassium  chloride  (Berzelius),  by  decomposing 
amyl  nitrite  with  the  exactly  necessary  quantity  of  alcoholic 
potash  (Chapman),  by  passing  nitrous  fumes  into  caustic  potash 
(Divers),^  or  by  the  electrolysis  of  a  solution  of  potassium 
nitrate.^  It  forms  small  indistinct,  yellowish,  anhydrous  crystals 
which  deliquesce  in  moist  air,  are  soluble  in  one-third  of  their 
weight  of  water,  and  are  insoluble  in  alcohol.  This  salt  is  em- 
ployed for  the  separation  of  cobalt  and  nickel,  and  also  in 
organic  chemistry. 

173  Foiassi^im  Nitrate,  Saltpetre,  or  Nitre,  KNO3.— This  re- 
markable salt  was  known  to  the  ancients,  being  termed 
Sal  petrw  by  the  Latin  Geber.  It  was  frequently  called  Sal 
nitri  by  the  later  alchemists,  to  distinguish  it  from  nitrum,  by 
which  name  the  ancients  signified  the  native  carbonate  of  soda, 
a  salt  which  was  not  unfrequently  mistaken  for  nitre.  When 
trade  between  the  East  and  the  West  increased,  the  mineral 

1  Titherley,  Joum.  Chem.  Soc,  1894,  65,  511. 

2  Joum.  Chem.  Soc,  1899,  75,  86. 

'■'  Duparc,  Couchet  and  Schlosser,  Zeit.  MeBrochem.,  1906,  12,  663. 
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alkali  was  imported  under  the  special  name  of  natron,  and  then 
the  word  nitrum  was  specially  reserved  to  designate  saltpetre. 

Saltpetre  occurs,  together  with  other  nitrates,  as  an  efflores- 
cence on  the  soil  in  various  hot  countries,  especially  in  Bengal, 
but  likewise  in  Egypt,  Syria,  Persia,  and  Hungary,  as  well 
as  in  America.  In  Ceylon  ^  and  India  nitre  is  obtained 
by  the  lixiviation  of  certain  porous  rocks,  whence  the  origin  of 
the  word  sal-petrse.  These  yield  from  2'5  to  8  per  cent,  of  their 
weight  of  nitre.  The  formation  of  nitre,  whether  found  in  the 
soil  or  in  porous  felspathic  rocks,  is  due  to  the  gradual  oxida- 
tion of  nitrogenous  organic  matter  in  contact  with  an  alkali 
in  presence  of  a  nitrifying  organism.  In  the  decay  and  putre- 
faction of  such  bodies  ammonia  is  first  formed  and  is  then  con- 
verted first  into  nitrous  and  finally  into  nitric  acid.  Nitre  is  also 
found  in  the  juices  of  certain  plants.  This  fact  was  first  pointed 
out  by  L.  Lemery  in  1717.  Certain  species  of  amaranthus, 
especially  A.  atropurpureus,  contain  no  less  than  22^7  per  cent, 
of  nitre  in  the  dry  plant  (Boutin). 

In  India,  a  caste  of  men  termed  Sora wallahs,^  from  sora,  nitre, 
at  one  time  made  it  the  business  of  their  lives  to  collect  the  raw 
material,  and  to  manufacture  and  sell  the  salt,  which,  before  the 
introduction  of  cheap  artificial  ice,  was  employed  locally  for  pro- 
ducing frigorific  mixtures  and  was  also  largely  exported. 

"  The  Sorawallah  goes  about  the  village,  examining  the  small 
surface  drains  which  issue  from  holes  in  the  mud-wall,  usually 
found  around  native  dwellings  and  their  cow-houses  ;  when  he 
detects  a  faint  white  veil-like  patch  of  crystalline  formation,  on 
or  near  the  dark-coloured  borders  of  these  little  drains,  he  ■ 
knows  that  a  considerable  quantity  of  nitre  exists,  on  or  near 
the  surface  of  all  the  surrounding  earth ;  he  accordingly  pro- 
ceeds to  scrape  off  a  very  thin  layer  of  the  surface  soil,  which 
he  carries  away  to  his  place  of  manufacture,  as  soon  as  his 
morning's  collections  are  finished.  On  arriving  there,  the  im- 
pregnated earth  so  collected  is  thrown  into  an  earthen  vessel 
containing  either  water  or  water  which  has  been  poured  off 
from  previous  supplies  of  similarly  impregnated  earth."  The 
liquid  thus  obtained  was  allowed  to  evaporate  and  the  nitrate 
of  potash  recrystallised  once  or  twice.  "  The  Sorawallah  makes 
fresh  collections  from  precisely  the  same  spots  of  ground  from 
week  to  week,  year  to  year,  and  from  generation  to  generation 

'  .Tohn  Davy,  Quart.  Journ.  Scl,  1818,  5,  23.3. 
2  Palmer,  Journ.  Chem.  Soc,  1868,  21,  318. 
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after  the  manner  of  the  Eastern  world  ;  the  production  of  nitre 
is  constant  so  long  as  the  place  continues  to  be  inhabited;  it 
even  continues  to  appear  in  large,  though  gradually  decreasing, 
quantities,  for  years  after  the  village  may  have  been  deserted. 
The  intervals  at  which  fresh  collections  may  be  made  from  the 
same  spot  vary  in  different  localities  and  in  different  seasons  of 
the  year,  from  one  to  seven,  ten,  or  more  days." 

This  production  of  nitre  is  doubtless  preceded  by  the  forma- 
tion of  nitrate  of  calcium,  and  this,  by  double  decomposition 
with  potassium  carbonate,  yields  nitre  and  calcium  carbonate. 
Indian  saltpetre  was  introduced  into  Europe  by  the  Italians,  and 
first  employed  for  medicinal  and  chemical  purposes. 

When  the  demand  for  gunpowder  became  great,  nitre  began 
to  be  manufactured  in  Europe.  Agricola,  in  his  celebrated 
treatise  Be  Re  Metallica,  describes  the  process  of  refining  salt- 
petre as  follows  : — "  Saltpetre  is  obtained  from  a  dry  somewhat 
fatty  earth,  which  is  boiled  with  quick-lime  and  wood-ashes. 
The  mass  is  then  lixiviated  and  the  solution  evaporated."  ^ 
During  the  blockade  of  the  French  ports,  the  artificial  production 
of  nitre  was  of  necessity  largely  carried  on  in  that  country. 
For  this  purpose  nitrogenous  organic  matter  of  animal  or  vege- 
table origin,  after  having  been  allowed  to  putrefy  by  exposure 
to  air  in  a  dark  place  was  mixed  with  substances  such  as  lime, 
mortar,  or  wood-ashes,  containing  the  carbonates  of  potash, 
magnesia,  or  lime.  The  mixture  was  then  heaped  together  in 
ridges  (saltpetre  walls),  or  in  low  heaps  (saltpetre  mounds), 
which  were  then  moistened  from  time  to  time  by  the  drainage 
of  dung  heaps,  or  by  urine,  and  exposed  to  the  air.  After 
standing  for  from  two  to  three  years  the  outer  surface  or  salt- 
petre earth  was  removed  and  exhausted  with  water.  This 
yielded  the  crude  saltpetre  ley  which  contained  the  nitrates  of 
calcium  and  magnesium  together  with  the  chlorides  of  potassium 
and  sodium.  On  boiling  this  liquor  with  potashes  the  calcium 
and  magnesium  salts  were  decomposed,  and  the  clear  solution 
was  then  crystallised.  Raw  nitre  was  thus  obtained,  and  this  by 
repeated  solution  and  crystallisation  was  converted  into  purified 
nitre.  In  order  still  further  to  purify  the  salt,  it  was  dissolved  in 
boiling  water,  and  the  solution  constantly  agitated  when  cooling. 
The  salt  then  separated  out  in  small  crystals  termed  saltpetre- 
pniT,  which  enclosed  much  less  of  the  mother  liquor,  and 
therefore  much  less  impurity  than  the  large  crystals.  This 
1  Bei-zeliu8,  TraiU,  3,  119. 
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finely-divided  salt  was  then  again  purified  by  washing  it  with 
a  saturated  solution  of  pure  nitre  which  dissolved  out  the 
last  portions  of  foreign  salts,  thus  rendering  the  saltpetre 
free  from  chlorides  and  fit  to  be  employed  in  gunpowder- 
making. 

Since  the  discovery  of  large  quantities  of  potassium  chloride  at 
Stassfurt,  this  salt  has  been  almost  exclusively  used  for  the 
artificial  manufacture  of  saltpetre.  This  manufacture  depends 
upon  the  fact  that  under  certain  conditions  of  temperature  and 
pressure,  solutions  of  Chili  saltpetre  (sodium  nitrate),  NaNOg, 
and  of  potassium  chloride  undergo,  when  mixed,  a  double 
decomposition,  chloride  of  sodium  being  deposited  and  potassium 
nitrate  remaining  in  solution.  For  this  purpose  equivalent 
quantities  of  sodium  nitrate  and  potassium  chloride  are  dissolved 
in  the  mother-liquor  from  a  previous  operation  and  heated  by 
steam  for  about  half  an  hour.  The  product  is  run  into  strainers 
where  it  is  kept  hot,  the  greater  part  of  the  sodium  chloride 
separating  out  under  these  conditions ;  the  filtered  liquor  is 
then  allowed  to  cool,  and  the  resulting  saltpetre  meal,  which 
contains  7  to  9  per  cent,  of  sodium  chloride  and  a  little  mag- 
nesium chloride,  is  purified  by  washing  with  mother-liquors 
resulting  from  subsequent  washings,  recrystallised,  and  finally 
washed  with  small  quantities  of  pure  water. 

Saltpetre  occurs  in  commerce  in  the  form  of  small  well- 
formed  crystals,  as  well  as  in  the  form  of  flour.  These  are 
much  purer  than  the  larger  crystals,  which  are  often  hollow 
and  contain  chloride  of  potassium  and  other  impurities. 
About  10,000  tons  per  annum  are  imported  into  the  United 
Kingdom. 

Properties. — Potassium  nitrate  is  dimorphous.^  It  usually 
crystallises  in  rhombic  prisms,  which  not  unfrequently  closely 
resemble  regular  six-sided  prisms.  If,  however,  a  few  drops  of 
a  solution  of  nitre  be  allowed  slowly  to  evaporate,  rhombo- 
hedral  crystals  are  deposited,  isomorphous  with  those  of  sodium 
nitrate,  but  these  are  very  unstable  and  when  touched  are  con- 
verted into  an  aggregate  of  small  rhombic  crystals. 

The  rhombohedral  form  is  stable  above  129°,  and  a  second 
rhombohedral  form  is  known  which  is  stable  at  a  still  higher 
temperature.^ 

Saltpetre  has  a  specific  gravity   of  21 ;   it   melts  at    339° 

1  Miller,  Phil.  Mag.,  1840  (3),  17,  38. 

2  Wallerant,  Compt.  rend.,  1905,  140,  264. 
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(Person),  and  possesses  a  bitter  cooling  saline  taste.  It  dissolves 
in  water  with  absorption  of  much  heat.  This  property  of  nitre 
was  first  pointed  out  by  the  Spanish  physician  Blasius  Villa- 
franca,  in  his  tract  published  in  1550,  entitled  "  Methodus 
refrigerandi  ex  vocato  Sale-nitro  vinum  aquamque  ac  potus 
quodvis  aliud  genus."  According  to  Rildorff,  16  parts  of  nitre 
when  dissolved  in  100  parts  of  water  at  13'2°  lower  the 
temperature  to  +3°. 

One  hundred  parts  by  weight  of  water  dissolve  : — 


At 

0° 

10° 

20° 

40° 

60° 

80° 

100° 

KNO3 

13-3 

20-9 

31-6 

63-9 

109-9 

169 

246, 

whilst  at  114'1°,  the  boiling  point  of  the  saturated  solution,  311 
parts  of  the  salt  are  dissolved. 

Saltpetre  is  used  in  the  laboratory,  in  medicine,  for  the 
salting  or  pickling  of  meat,  to  which  it  imparts  a  red  colour, 
and  for  pyrotechnic  purposes,  but  chiefly  in  the  manufacture  of 
gunpowder. 

A  salt  of  the  composition  KNOi,2HN03,  which  is  known  as 
potassium  trinitrate,  crystallises  out  when  a  solution  of 
potassium  nitrate  (1  mol.)  in  highly  concentrated  nitric  acid 
(2  mols.)  is  cooled  tc  —3°;  the  salt  forms  prisms  which  melt 
at  22°,  and  are  decomposed  by  water.  An  unstable  salt 
KNOgjENO^  is  also  known,  which  crystallises  in  plates.^ 

Nitre  used  in  Uxflosives} — The  Chinese  are  said  to  have  been 
acquainted  with  the  mode  of  manufacturing  gunpowder  from  early 
times,  although  employing  it  rather  for  making  fireworks  than 
for  warlike  purposes.  It  appears  probable  that  the  knowledge 
of  this  manufacture  resulted  from  an  improvement  in  the  prepara- 
tion of  Greek  fire,  which  was  discovered  in  673  A.D.,  and  itself 
consisted  of  combustible  and  fusible  substances  such  as  pitch, 
resin,  and  sulphur,  mingled  with  crude  saltpetre.  In  the  Liber 
igniuni  of  Marcus  Graecus,  a  work  which  dates  from  the  early 
part  of  the  thirteenth  century,  and  bears  many  traces  of  Arabian 
influence,  mention  is  made  of  the  use  of  saltpetre,  sal  petrosum, 
as  a  constituent  of  gunpowder.  None  of  the  Arabian  alchemists 
appear  to  have  been  aware  of  the  property  of  saltpetre  de- 
flagrating when  mixed  with  a  combustible  body,  and  not  until 

1  Groschuflf,  Zeit.  anorg.  Chem.,  1904,  40,  1. 

''  For  much  interesting  information  concerning  the  early  history  of  gun- 
powder, see  Guttmann,  Monumenta  Pulveris  Pyrii  (Printed  for  the  Author 
at  the  Artist's  Press,  Balham,  London,  1906). 
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the  thirteenth  century  do  we  find  this  clearly  pointed  out  by 
Roger  Bacon  as  follows : — ^  "  Talis  natura  est  (sal  nitrum), 
quod  si  immediate  ignitos  carbones  tangat,  statim  accensum 
impetu  evolat." 

This  fact  is  strikingly  shown  when  a  mixture  of  twenty  parts 
of  nitre  and  three  parts  of  charcoal  is  thrown  into  a  red-hot 
crucible,  vivid  incandescence  and  a  violet  combustion  being 
noticed : 

4KNO3  +  50  =  2X^003  +  3C0,  +  2N2. 

An  intimate  mixture  of  fifteen  parts  of  saltpetre  and  five 
parts  of  sulphur  also  burns  very  brilliantly  : 

2KNO3  +  2S  =  KjSO,  +  SOg  +  Nj. 

Detonating  Powder,  first  described  by  Glauber,  consists  of  a 
mixture  of  three  parts  of  saltpetre,  two  parts  of  dry  potassium 
carbonate,  and  one  part  of  sulphur.  When  the  mixture  is  heated 
in  an  iron  spoon  it  first  fuses  and  then  explodes  violently.  In 
this  reaction  the  sulphur  forms  potassium  sulphide,  which  at 
the  high  temperature  of  the  combustion  is  oxidised  by  the  nitre, 
free  nitrogen  being  evolved. 

Powder  of  Fusion  or  Baumi's  Quick  Flux,  also  mentioned 
by  Glauber,  contains  one  part  of  nitre,  one  part  of  sulphur, 
and  one  of  sawdust.  This  if  set  on  fire  burns  with  so  much 
heat  that  a  small  silver  coin  exposed  to  it  is  rapidly 
melted. 

174  Gunpowder. — Fire-arms  appear  to  have  been  used  in 
Florence  in  1325,  but  field  pieces  were  first  employed  by  the 
English  at  the  battle  of  Crecy  in  1346. 

Gunpowder  consists  of  a  mixture,  in  somewhat  varying  pro- 
portions, of  charcoal,  sulphur,  and  nitre.  Its  explosive  power 
depends  on  the  rapid  combustion  of  the  charcoal  and  sulphur 
at  the  expense  of  the  oxygen  of  the  nitre,  and  the  sudden 
liberation  of  a  large  volume  of  gas,  which  occupies  several 
hundred  times  the  bulk  of  the  solid  powder.  Hence  gunpowder 
can  burn  in  a  closed  space  or  under  water,  as  it  contains  in  itself 
the  oxygen  needed  for  the  combustion.  A  singular  fact  which 
has  been  found  to  be  true  in  practice  is  that  the  description  of 
gunpowder  which  acts  best  is  that  which  contains  nearly  two 
molecules  of  nitre  to  one  abom  of  sulphur  and  three  of  carbon. 
Hence  it  was  formerly  believed  that  the  decomposition  which 

^  Breve  breviariiim  de  Dono  Dei. 
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took  place  when  powder  was  fired  was  a  very  simple  one,  repre- 
sented by  the  following  equation  : 

2KNO3  +  S  +  3C  =  K,S  +  N2  +  3CO2. 

If  this  equation  represents  the  decomposition  which  actually 
occurs,  it  follows  that  the  most  eifective  powder  must  be 
composed  of: 

Nitre 74-9 

Carbon    .        .  13-3 

Sulphur 11-8 


100-0. 


The  compositions  of  the  gunpowders  employed  by  different 
nations  approach  closely  to  these  theoretical  numbers ;  but  in 
no  case,  as  will  hereafter  be  seen,  are  these  numbers  exactly 
adhered  to.  Indeed,  the  fact  that  the  charcoal  employed  in 
the  manufacture  of  gunpowder  does  not  consist  of  pure  carbon, 
but  contains  considerable  quantities  of  hydrogen  and  oxygen,  is 
sufficient  to  show  that  the  above  simple  reaction  cannot  represent 
the  real  decomposition  which  occurs  when  powder  is  fired.  In 
addition  to  this,  however,  Gay-Lussac  and  Chevreul  proved  long 
ago  that,  in  addition  to  nitrogen  and  carbon  dioxide,  carbon 
monoxide  is  evolved  in  the  firing  of  gunpowder,  whilst  the  residue 
does  not  merely  consist  of  potassium  sulphide,  but  contains  the 
carbonate,  sulphate,  and  other  salts. 

We  owe  the  first  careful  experimental  investigation  con- 
cerning the  nature  of  the  decompositions  which  occur  when 
powder  is  fired  to  Bunsen  and  Schischkoff.^  They  proved  that 
a  very  large  number  of  salts,  such  as  sulphate,  thiosulphate, 
sulphide,  and  carbonate  of  potassium,  are  contained  in  the 
smoke  and  solid  residue  remaining  after  the  powder  has  been 
fired;  whilst  many  other  gases,  especially  carbon  monoxide, 
hydrogen,  and  sulphuretted  hydrogen,  besides  carbon  dioxide 
and  nitrogen,  are  formed.  In  these  experiments  the  powder  was 
fired  into  a  vacuum,  and  consequently  some  conditions  as  regards 
temperature  and  pressure  which  are  met  with  in  the  practical 
use  of  gunpowder  were  not  maintained.  Linck  repeated  these 
experiments  with  a  different  kind  of  powder,  and  Karolyi 
analysed  the  products  obtained  by  exploding  small  charges  in 
shells  inclosed  in  a  vacuous  space. 

1  Phil.  May.,  1858  (4),  15,  489. 
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Subsequently  Abel  and  Noble  ^  published  the  results  of  a 
very  complete  investigation  on  the  products  of  combustion  of 
powder  fired  under  conditions  similar  to  those  which  exist  when 
it  is  fired  in  guns.  The  gunpowder  operated  upon  included  five 
kinds,  viz.,  pebble  powder,  rifle  large-grain  (cannon  powder),  fine- 
grain  powder,  and  rifle  fine-grain  powder,  all  English  military 
powders,  together  with  one  spherical  pellet  powder  of  Spanish 
manufacture.  The  following  table  gives  the  complete  analyses 
of  the  different  powders  employed : 


Saltpetre 

Potassium  sul- 
phate 

Potassium  clilo 
ride 

Sulphur    . 

"3  "j  Carbon  . 

a  1^  Hydrogen 

ts  j  Oxvgen 

6  J  Ash        . 

Water      .    . 


Pebble  powder. 

Waltham 

Abbey. 


1-45  I 
•23  J 


74-67 
0  09 


10-07 


Rifle  large- 
grain  (eannon 
powder). 
Waltham 
Abbey. 


74-95 
0-15 


10-27 


13-52 


1-11 


Rifle 

fine-grain. 

Waltham 

Abbey. 


75-04 
0-14 

9-93 

■  14-09 

0-80 


Fine-grain , 
Waltham 
Abbey. 


11-36^ 
0-49  1 
2-57  ^ 
0 


57  r 


73-55 
0-36 

10-02 
14-59 

1-48 


Spanish 

spherical 

pebble  powder. 


75-30 
0-27 

0-02 
12-42 

11-34 

0-65 


The  quantities  of  gunpowder  exploded  in  the  several  opera- 
tions varied  from  100  to  750  grains.  The  apparatus  in  which 
the  charges  were  exploded  consisted  of  a  mild  steel  vessel  of 
great  strength,  carefully  tempered  in  oil.  The  charge  to  be 
exploded  was  placed  in  the  chamber  of  this  steel  vessel,  and 
the  main  orifice  of  the  vessel  was  closed  by  a  screw  plug,  called 
the  firing-plug,  which  fitted  into  its  place  with  great  accuracy. 
In  this  firing-plug  itself  was  a  conical  hole,  also  stopped  by  a 
plug,  and  through  this  passed  two  insulated  platinum  wires,  by 
means  of  which  the  charge  could  be  fired  -by  electricity.  Two 
other  apertures  were  made  in  the  chamber ;  one  of  these 
communicated  with  the  arrangement  for  allowing  the  gases  to 
escape ;  the  other  contained  an  apparatus  for  determining  the 
pressure  of  the  gases  at  the  moment  of  explosion.  The 
pressures  actually  observed  varied  from  1  to  36  tons  on  the 
square  inch,  the  whole  of  the  gaseous  products  remaining  pent- 


I^hil.  Trans.,  1875,  165,  49. 


GUNPOWDER 


351 


up  in  the  cylinder  under  this  enormous  pressure.     The  results 
of  this  investigation  may  be  shortly  stated  as  follows  : 

(1)  The  composition  of  the  gas  furnished  by  the  explosion  of 
all  the  English  powders  is  remarkably  uniform,  but  under  high 
pressures  the  carbon  dioxide  increases  and  the  carbon  monoxide 
decreases. 

(2)  The  composition  of  the  solid  products  exhibits  a  much 
greater  variation. 

(3)  The  decomposition  which  an  average  gunpowder  under- 
goes when  fired  in  a  closed  space  cannot  be  represented  by  even 
a  comparatively  complicated  chemical  equation. 

(4)  The  volume  of  the  permanent  gases,  measured  at  0°  and 
760  mm.,  furnished  by  combustion  of  one  gram  of  powder  in  a 
closed  vessel  is  about  280  c.c,  and  is  therefore  about  280  times 
the  volume  of  the  powder. 

(5)  When  1  gram  of  powder  is  burnt  the  solid  products  of 
combustion  amount  to  0'57  gram,  and  the  permanently  gaseous 
products  0'43  gram. 

(6)  The  pressure  of  the  products  of  combustion  when  the 
powder  entirely  fills  the  space  in  which  it  is  fired  is  about  6,400 
atmospheres,  or  42  tons  per  square  inch. 

(7)  The  heat  developed  by  the  burning  of  1  gram  of  powder 
is  about  705  thermal  units. 

(8)  The  temperature  of  explosion  is  about  2.200°  C. 

The  following  tables  give  the  analytical  results  obtained  with 
three  of  the  powders,  including  both  the  solid  and  gaseous 
products  of  combustion. 

/.  {Pehlk) ;   //.  R.  L.  G.  {Rifle  Large   Grain) ;  III.  F.  G.  (Fine 
Grain),  each  binder  two  different  pressures. 


Pebble. 

R.  L.  G. 

F.  G. 

I. 

II. 

III. 

Pressure  of  explo-] 

' 

1 

' 

sion  in  tons  per  > 

1-4 

12-5 

!    1-6 

35-6 

3-7 

18-2 

square  inch  .     . 

Percentage  weighty 
of     so  id     pro-  \ 

56-12 

55-17 

57-22 

57-14 

58-17 

58-08 

ducts  .... 

Percentage  weight"| 
of  gaseous  pro-  - 
ducts  ...     .J 

43-88 

44-83 

42-78 

42-86 

41-83 

41-92 
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Composition  by  Weight  (in  grams)  of  the  Products  of  Explosion 
OF  A  Gram  of  Powder  as  furnished  by  the  above  Examples. 


,.} 


Potassium  carbonate 

thiosulphate 

sulphate     . 

sulphide     . 

thiocyanate 

nitrate  .     . 

oxide 
Ammonium   sesqui- 

carbonate     . 
Carbon   . 
Sulphur       .     . 

Total  solid 

Sulphuretted  hydro-^ 
gen  ....  / 
Oxygen  .  . 
Carbon  monoxide 
Carbon  dioxide 
Methane  .  . 
Hydrogen  . 
Nitrogen 

Total  gaseous 


0-3115 
0-1163 
0-0843 
0-0416 
0-0005 
0-0027 


0-0009 
0-0034 


0-5612 


0-3098 
0-0338 
0-0658 
0-1055 
0-0013 
0-0011 


0-0004 
0-0340 


II. 


III. 


0-3007 
0-1166 
0-1171 
0-0230 
0-0000 
0-0032 


0-3755 
0-0491 
0-0487 
0-0413 
0-0021 
0-0011 


0-0003  0-0009 

0-0072 :  — 
0-0041  0-0527 


0-3454 
0-0308 
0-1409 
0-0298 
0-0001 
0-0005 


0-0009 


00333 


0-2499 
0-1863 
0-1220 

0-0013 
0-0011 
0-0173 

0-0002 


0-0027 


0-5517  0-5722  10-5714,0-5817  05808 


0-0134  0-0084 


0-0519 
0-2577 

0-0007 
01151 


00166  0-0077  I  0-0154 


0-0473 
0-2770 
0-0012 
0-0005 
0-1139 


0-0303 
0-2597 
0-0006 
0-0005 
0-1201 


0-4388  0-4483  0-4278 


0-0356 
0-2750 
0-0015 
00003 
0-1085 


0-0416 
0-2512 

00010 
0-1091 


0-4286  0-4183 


0-0081 

0-0006 
0-0258 
0-2718 
0-0009 
0-0005 
0-1117 


0-4192 


The  total  theoretic  work  of  gunpowder  is  about  332,000  gram- 
metres  per  gram,  or  486  foot-tons  per  lb.  of  powder. 

A  difference  between  the  products  of  powder  of  large  and 
small  grain  can  be  observed.  The  very  small  grain  powders 
furnish  decidedly  smaller  proportions  of  gaseous  products  than  a 
large-grain  powder,  and  this  again  smaller  than  a  pebble  powder. 
The  most  important  solid  products  are  found  to  consist  of  the 
following  potassium  salts:  carbonate,  sulphate,  thiosulphate,  and 
sulphide.  The  proportion  of  carbonate  is  much  larger,  and 
that  of  sulphate  very  much  smaller,  than  was  formerly  believed 
to  be  the  case. 


P0TAS.SIUM  AND  Phosphorus. 

175  Normal  Potassium  Orthophosphate,  K.^VO^,  is  formed,  ac- 
cording to  Graham,  when  phosphoric  acid  is  ignited  with  an  excess 
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of  potassium  carbonate.  It  is  more  general  now  to  heat  a 
mixture  of  phosphatic  slag  or  naturally  occurring  calcium 
phosphate  with  powdered  coke  and  potassium  sulphate.  It  is 
readily  soluble  in  water,  and  crystallises  in  small  needles.  The 
mono-acid  salt,  KgHPO^,  does  not  readily  crystallise,  and  the 
di-acid  salt,  KHjPO^,  is  obtained  by  adding  phosphoric  acid  to  a 
solution  of  potassium  carbonate  until  the  liquid  after  boiling  is 
neutral  to  phenolphthalein.  The  salt  is  deposited  in  deliquescent 
tetragonal  crystals,  easily  soluble  in  water,  but  insoluble  in 
alcohol.  It  is  employed  in  the  manufacture  of  artificial 
fertilisers.^ 

Potassium  Pi/rophosphaiejK^P^O^. — When  the  mono-acid  ortho- 
phosphate  is  ignited  this  salt  is  formed.  It  deliquesces  on  ex- 
posure, and  is  deposited  in  the  form  of  fibrous  crystals  containing 
three  molecules  of  water,  when  the  solution  is  evaporated.  The 
acid  salt,  HjKjPgOj,  separates  out  as  a  white  deliquescent  mass 
when  the  normal  pyro-salt  is  dissolved  in  acetic  acid  and  alcohol 
added  to  the  solution. 

Potassium  Metaphosphates. — These  salts  exist  in  a  large  number 
of  polymeric  modifications,  which  closely  resemble  the  corre- 
sponding sodium  salts  (p.  267). 


Potassium  and  Arsenic. 

176  Potassium  Arsenide. — Two  arsenides  of  potassium,  AsKg 
and  As^Kg,  have  been  prepared  by  acting  on  a  solution  of 
potassium  in  liquid  ammonia  with  arsenic,  and  heating  the 
resulting  compounds.^ 

Potassium  Arsenite. — Arsenious  oxide  dissolves  easily  in  an 
aqueous  solution  of  potash,  and  if  the  minimum  quantity  of 
potash  be  employed,  the  compound  KAs02,H3As03  may  be 
obtained  as  a  crystalline  powder  when  the  solution  is  mixed 
with  alcohol.  If  this  is  warmed  with  a  solution  of  potassium 
carbonate,  potassium  meta-arsenite,  KAsOg,  is  formed,  and  this 
when  warmed  with  caustic  potash  yields  potassium  diarsenite, 
K^AsjOj,  likewise  precipitable  by  alcohol. 

A  solution  of  potassium  arsenite  is  used  in  medicine  under 
the  name  of  Fowler's  Solution.  This  solution  is  prepared  by 
boiling  one  part  of  solid  arsenious  oxide  with  an  equal  weight  of 

1  Meyer,  Zdt.  angew.  Ohem.,  1905,  18,  1382. 
■■^  Hugot,  Compt.  rend.,  1899,  129,  603. 
VOL.  II.  A  -^ 
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potassiuui  carbonate  in  distilled  water,  and  diluting  the  clear 
liquid  so  as  to  form  90  parts  of  solution. 

Normal  Potassium  Arsenate,  KgAsO^,  is  prepared  by  adding 
an  excess  of  caustic  potash  to  arsenic  acid.  On  evaporation  it  is 
deposited  in  the  crystalline  form  (Graham).  Monohydrogen 
potassium  arsenate,  K.2HAsO^,  crystallises  with  difficulty,  but  the 
dihydrogen  salt,  KH^AsO^,  can  be  obtained  in  large  crystals. 
This  last  salt  was  known  as  Macquers  arsenikalisches  Mittelsalz, 
and  was  formerly  prepared  by  deflagrating  equal  parts  of 
arsenious  oxide  and  nitre,  dissolving  in  water,  and  leaving  the 
solution  to  crystallise.  These  crystals  are  isomorphous  with 
di-hydrogen  potassium  phosphate,  and  likewise  turn  blue  lit- 
mus paper  red. 

Potassium  and  Boron. 

177  Potassium  Metahorate,  KBO2. — When  boric  acid  and 
potassium  carbonate  (or  any  other  potassium  salt  containing  a 
volatile  acid)  are  fused  together  in  the  proper  proportions,  the 
above  salt  is  obtained.  It  is  sparingly  soluble  in  water,  and  is 
deposited  in  small  monoclinic  crystals,  possesses  an  alkaline 
reaction,  and  absorbs  carbonic  acid  from  the  air  with  formation 
of  potassiuvi  pyrohorate  or  tetraborate.  This  latter  substance  is 
obtained  by  adding  caustic  potash  to  a  solution  of  boric  acid  until 
the  liquid  attains  an  alkaline  reaction.  It  is  easily  soluble,  crys- 
tallises in  hexagonal  prisms  having  the  formula  ^^fi,,,hllfi, 
and  possesses  a  faint  alkaline  taste.  If  hot  solutions  of 
boric  acid  and  potassium  carbonate  be  mixed  together,  in  the 
proportion  of  one  molecule  of  the  former  to  two  molecules  of 
the  latter,  glittering  rhombic  crystals  of  potassium  trihorate, 
2KB305,.5H20,  separate  out,  and  when  a  hot  solution  of 
caustic  potash  is  saturated  with  boric  acid,  rhombic  pyramids 
oi  potassium  pentahorate,  KB508,4H20,  are  deposited. 

Potassium  Perborate,  KB03,4H20,  is  precipitated  by  alcohol 
from  a  solution  of  the  borate  in  hydrogen  peroxide,  and  has  the 
characteristic  oxidising  properties  of  this  class  of  salts  (Vol.  I., 
p.  729 ;  this  vol.,  p.  273). 

Potassium  and  Carbon. 

178  Potassium  Carbide,  KgC^,  closely  resembles  the  sodium 
compound  (p.  273),  and  is  prepared  in  a  similar  manner.  The 
compound  with  acetylene,  C^K^,Q,^]1^,  crystallises  in  brilliant 
silky,  rhombohedral  lamellae.^ 

1  Moissan,  Compt.  rend.,  1898,  126,  302;  1898,  127,  911. 
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Normal  Potassium  Carbonate,  K2CO3. — This  salt,  well-known 
under  the  name  of  potashes,  was  originally  obtained  solely 
from  the  ashes  of  wood  and  other  land  plants,  as  the  name 
implies,  boiled  in  pots.  Even  to  the  present  day  this  com- 
pound is  sometimes  obtained  according  to  the  old  process, 
especially  in  Canada,  North  America,  Moravia,  the  Steppes  of 
Southern  Russia,  Hungary,  and  other  districts  where  wood  is 
plentiful.  The  ashes  are  lixiviated  in  wooden  tubs,  and  the 
dark  brown  lye  thus  obtained  evaporated  to  dryness  or  to  the 
point  of  crystallisation,  and  the  residue  calcined  in  a  reverbera- 
tory  furnace  to  remove  organic  matter.  The  crude  product  has 
usually  a  red,  yellow,  or  green  colour,  due  to  the  presence  of  iron 
or  manganese,  and  also  contains  potassium  chloride,  sulphate 
and  silicate,  as  well  as  sodium  salts,  and,  where  caustic  lime 
is  added,  as  in  the  preparation  of  American  potash,  consider- 
able quantities  of  caustic  potash  ;  the  latter  may  be  converted 
into  carbonate  by  calcining  the  crude  ash  with  sawdust.  To 
purify  the  crude  ash  it  is  redissolved  in  two  parts  of  boiling 
water,  the  filtered  solution  is  allowed  to  stand  for  some  days,  then 
poured  off  from  separated  salts,  consisting  chiefly  of  potassium 
sulphate,  and  the  clear  solution  evaporated  till  the  salt  com- 
mences to  crystallise  out.  After  cooling,  it  is  drained  and 
washed  with  small  quantities  of  water  to  remove  the  adherent 
mother  liquor.  To  the  white  salt  thus  obtained  the  name 
pearl-ash  is  given. 

Owing  to  the  high  price  of  potashes  and  the  gradual  extinc- 
tion of  forests,  and  in  consequence  of  this  alkali  being  a 
substance  largely  needed  in  manufacturing  processes,  other 
sources  of  potassium  compounds  have  been  sought.  The 
suggestion  has  frequently  been  made  that  felspar  and  other 
silicates  of  potash  should  be  employed  for  the  purpose,  and 
this  proposition  seems  a  very  plausible  one,  inasmuch  as  it  is 
by  the  slow  decomposition  of  these  silicates  that  all  fruitful 
soils  obtain  their  potash  salts.  Hitherto,  however,  it  has  not 
been  found  possible  to  obtain  potash  commercially  from  this 
source,  and  fortunately  other  richer  sources  of  potassium  com- 
pounds have  been  discovered.  Amongst  these  the  first  to  be 
noted  is  that  from  the  manufacture  of  beet-root  and  cane  sugar. 
Beet-root  is  a  potash  plant,  its  ash  being  particularly  rich  in 
potassium  compounds.  The  first  attempt  to  obtain  potash 
from  this  plant  was  made  by  incinerating  the  leaves.  This 
process,  however,  did  not  prove  satisfactory,  and  the  molasses  or 
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uncrystallisable  sugar,  which  contains  large  quantities  of  potash 
salts,  is  now  evaporated,  and  either  heated  in  a  furnace  to 
remove  the  organic  matter,  or  distilled  and  the  nitrogen 
recovered  in  the  form  of  ammonia  and  cyanides.  In  either 
case  a  residue  of  potash  salts  and  carbon  is  left,  from  which 
the  salts  are  removed  by  lixiviation. 

Another  remarkable  source  of  potash  is  sheep-wool.  It 
has  already  been  mentioned  that  sheep  withdraw  a  consider- 
able quantity  of  potash  salts  from  the  soil.  Chevreul  first 
pointed  out  that  the  sweat  or  suint  of  sheep  contains  no 
less  than  one-third  of  its  weight  of  potash  salts.  The  brown 
liquors  in  which  the  wool  has  been  washed  are  evaporated  to 
dryness,  and  the  solid  residue  calcined  in  retorts,  by  which 
means  ammonia  and  a  gas  used  for  illuminating  purposes  are 
evolved ;  the  residual  mixture  of  charcoal  and  a,lkaline  salts  is 
again  lixiviated,  and  treated  in  a  similar  way  to  the  case  already 
described. 

Potashes  are  also  manufactured  from  potassium  sulphate, 
which  is  obtained  in  considerable  quantity  from  the  Stassfurt 
beds,  from  sea-water,  by  heating  potassium  chloride  with 
sulphuric  acid,  and  in  the  manufacture  of  dichromate.  For 
the  purpose  of  converting  the  sulphate  into  the  carbonate  it  is 
heated  in  a  reverberatory  (black-ash)  furnace  with  the  requisite 
quantity  of  limestone  and  coal,  the  process  being  worked 
exactly  according  to  Leblanc's  process  for  obtaining  carbonate 
of  soda  from  salt-cake  (p.  288). 

The  greater  part  of  the  potassium  carbonate  which  is  made 
from  the  Stassfurt  salt  is  manufactured  by  the  magnesia-potash 
process  from  potassium  chloride.  This  depends  on  the  fact  that 
in  the  presence  of  magnesium  carbonate,  potassium  chloride  is 
decomposed  below  24°  by  carbon  dioxide,  with  formation  of  an 
insoluble  double  salt,  KHC03,MgC03,4H20,  and  magnesium 
chloride.  The  precipitated  salt  is  washed  and  then  decomposed 
by  warm  water,  or  by  magnesium  hydroxide  below  20°,  and  the 
solution  of  potassium  carbonate  is  evaporated  and  calcined.^ 

In  order  to  prepare  chemically  pure  potassium  carbonate,  it 
was  customary  formerly  to  employ  pure  cream  of  tartar 
(hydrogen  potassium  tartrate),  which  was  heated  in  covered 
iron  crucibles.  A  mixture  of  carbon  and  potassium  carbonate 
was  thus  obtained,  and  by  lixiviating  the  residue  with  water 

1  German"  Patents  135329  ;  143408  ;  143409  ;  157354.  Davis,  /.  Soc.  Chem. 
Jnd.,  1906,  25,  791. 
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and  evaporating  the  solution  in  a  silver  basin  the  pure  salt 
was  deposited.  This  salt  even  now  retains  the  name  of 
salt  of  tartar.  Instead  of  the  expensive  tartar  it  is  now 
customary  to  emploj'-  the  much  cheaper  hydrogen  potassium 
carbonate  or  bicarbonate  of  potash,  which  can  be  easily  prepared 
in  the  pure  state,  and  which  on  heating  yields  water,  carbon 
dioxide,  and  potassium  carbonate  : 

2KHCO3  =  H2O  +  CO2  +  K.COg. 

When  prepared  on  the  manufacturing  scale,  the  carbon 
dioxide  which  is  evolved  is  made  use  of  for  the  preparation  of 
a  fresh  portion  of  bicarbonate. 

Pure  potassium  carbonate  occurs  either  in  the  form  of  a 
white  granular  powder,  or  as  a  white  solid  mass,  which  possesses 
a  strong  alkaline  reaction,  and  has  an  alkaline  and  slightly 
caustic  taste.  It  has  the  sp.  gr.  2'29,  melts  at  879°,  and  then 
loses  a  small  quantity  of  carbon  dioxide ;  it  is  converted  into 
caustic  potash  and  carbon  dioxide  at  a  red  heat  in  a  current  of 
steam  or  hydrogen.  At  a  white  heat  it  is  volatilised.  It  is  ex- 
tremely hygroscopic  and  very  soluble  in  water,  and  when  ex- 
posed to  the  air  it  soon  deliquesces  to  an  oily  liquid  which 
received  the  name  of  "  oleum  tartari  per  deliquium."  One  hun- 
dred parts  of  water  dissolve  the  following  quantities  of  salt  ^ : — 

0°  26°  40°  60°  80° 

105         113-5         117         127         140  parts. 

At  135°,  the  boiling  point  of  the  saturated  solution,  100  parts 
of  water  dissolve  205  parts  of  the  salt.  The  hydrate  which  is 
stable  in  contact  with  water  from  —  6'8°  to  135°  contains  2H20.^ 
For  the  specific  gravity  of  solutions  of  this  salt,  Gerlach's  tables 
may  be  consulted.^  When  the  concentrated  solution  is  allowed 
to  stand,  monoclinic  crystals,  possessing  a  glassy  appearance  and 
having  the  composition  2K2C03,3H20,  are  deposited.  These 
on  heating  to  100°  fall  to  a  white  powder  having  the  composi- 
tion, K^COg.HjO,  and  this  at  130°  loses  all  its  water. 

Potassium  carbonate  is  largely  used  in  the  manufacture  of 
soft  soap,  potassium  ferrocyanide  and  chromate,  and  crystal 
glass. 

^  Meyerhoffer,  Landolt-Bornstein,  PTiysikaliach-Chemische  TabeUen  (1905), 
p.  542, 
f  See  also  Lescoeur,  BuU.  Soc.  Ohim.,  1897  (3),  17,  18. 
'»  2eit,  ami.  Chem.,  1869,  8,  279. 
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Hydrogen  Potassium  Carlonate,  KHCO3. — This  salt,  also  known 
as  potassium  bicarbonate,  is  obtained  by  passing  carbon  dioxide 
through  a  concentrated  solution  of  the  normal  salt,  when  the 
bicarbonate,  which  is  much  less  soluble,  crystallises  out.  Another 
process  is  to  pass  a  current  of  carbon  dioxide  over  the  slightly 
moistened  purified  potashes,  the  product  being  recrystallised 
from  warm  water.  It  forms  large,  transparent  crystals  belonging 
to  the  monoclinic  system,  which  possess  a  saline  taste  and  a 
slightly  alkaline  reaction.  100  parts  of  water  dissolve  at  10° 
27-7  parts,  and  at  60°,  60  parts  of  the  salt.  "When  the 
solution  is  boiled  carbon  dioxide  is  given  off,  and  when  the  dry 
salt  is  heated  to  190°  it  is  completely  decomposed  into 
the  normal  carbonate,  carbon  dioxide,  and  water. 

Potassium  Percarbonate,  KgCgOg,  has  already  been  described 
(Vol.  L,  p.  825). 

Potassium  Sulphocarbonate,  KgCSg,  is  prepared  by  the  inter- 
action of  carbon  disulphide  and  potassium  sulphide.  The  salt 
has  a  yellow  colour,  and  is  readily  soluble  in  water. 

Potassium  Cyanide,  KCN. — Commercial  potassium  cyanide 
was  formerly  prepared  according  to  Liebig's  method  as  follows. 
Eight  parts  of  dry  ferrocyanide  of  potassium  (for  the  manu- 
facture of  which  see  under  Iron)  are  melted  in  an  iron  crucible 
together  with  three  parts  of  potassium  carbonate : 

K,Fe(CN)6 + K2CO3  =  5KCN  +  KOCN  -|-  CO^ + Fe. 

As  is  seen  from  this  equation,  the  cyanide  thus  prepared 
contains  cyanate ;  for  some  purposes  this  is  of  no  consequence. 
A  purer  product  can  be  obtained  by  heating  the  dry  ferro- 
cyanide to  a  bright  red  heat : 

K,Fe(CN)g  =  4KCN  +  FeC^ + N^. 

To  avoid  the  loss  of  cyanogen  which  thus  takes  place  in  both 
these  reactions  it  is  now  usual  to  heat  the  completely  dehy- 
drated ferrocyanide  with  metallic  sodium : 

K,Fe(CN)6 + 2Na  =  4KCN  +  2NaCN  +  Fe. 

The  resulting  mixture  of  potassium  and  sodium  cyanides  is 
known  commercially  as  potassium  cyanide.  A  large  amount 
of  potassium  cyanide  is  now  made  by  Beilby's  process,  which 
consists  in  treating  a  fused  mixture  of  potassium  carbonate 
and  charcoal  with  ammonia,  the  product  being  a  molten  cyanide 
of  high'  strength,  which  is  filtered  from  the  small  amount  of 
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insoluble  matter  present  and  is  then  cast  in  moulds,  thus 
yielding  massive  crystalline  cakes  of  pure  white  cyanide.^  It 
is  also  manufactured  on  a  commercial  scale  from  the  waste 
product  known  as  "  Schlempe  "  of  the  beet  sugar  refineries. 
The  process  is  one  of  destructive  distillation.  Chemically  pure 
potassium  cyanide  is  best  prepared  by  passing  the  vapour  of 
hydrocyanic  acid  into  an  alcoholic  solution  of  potash,  the  salt 
then  separating  out  as  a  white,  crystalline  powder. 

Potassium  cyanide  has  a  sharp  bitter  taste ;  it  is  exceedingly 
soluble  in  water,  and  dissolves  slightly  in  cold,  and  somewhat 
more  readily  in  hot,  alcohol.  When  the  concentrated  aqueous 
solution  of  the  salt  is  allowed  to  evaporate  over  strong  sulphuric 
acid,  it  deposits  crystals  in  the  form  of  regular  octahedra. 
Potassium  cyanide  is  readily  fusible,  and  on  cooling  solidifies 
in  cubes.  The  weakest  acids,  even  carbonic  acid,  decompose 
the  salt  with  evolution  of  hydrocyanic  acid.  The  salt  is, 
moreover,  partially  hydrolysed  in  its  aqueous  solution,  which 
possesses  an  alkaline  reaction  and  always  smells  of  hydrocyanic 
acid.     It  is  itself  as  poisonous  as  the  acid. 

Potassium  cyanide  is  used  in  very  large  quantities  in  the 
Macarthur-Forrest  process  for  recovering  the  last  portions  of 
gold  from  the  tailings  of  the  gold  mines  ^  (see  Gold) ;  in  the 
laboratory  it  is  also  used  as  a  reducing  agent.  This  is  due  to 
the  fact  that  when  in  the  fused  state  it  withdraws  oxygen 
from  many  oxides  and  is  converted  into  potassium  cyanate. 
When  heated  with  nitric  acid  or  potassium  chlorate  violent  ex- 
plosions occur.  Potassium  cyanide  and  sulphur  when  melted 
together  combine  directly,  forming  potassium  thiocyanate.  This 
compound  is  also  formed  when  the  cyanide  is  heated  with  some 
metallic  sulphides. 

Potassium  Cyanate,  KCNO  or  CO:NK,  is  prepared  by  heating 
four  parts  of  very  carefully  dried  potassium  ferrocyanide  and 
three  parts  of  fused  potassium  dichromate  in  an  iron  dish,  and 
extracting  the  product  with  hot  80  per  cent,  methylated  spirit. 
It  crystallises  on  cooling  in  transparent  plates,  which  are  readily 
soluble  in  water  and  alcohol,  the  aqueous  solution  gradually 
decomposing  into  ammonia  and  potassium  hydrogen  carbonate : 

KCNO  +  2H20  =  NH3+KHC03. 

1  Beilby,    "Advances    in    Chemical     Industry     during     the     Nineteenth 
Century."     Proc.  Boy.  Phil.  Soc,  Glasgow,  1904. 

2  J.  Soc.  Chem.  Ind.,  1890,  9,  270;  Maolaurin,  Joum.  Cliem.  k'oc,  1893, 
63,  724 ;  1895,  67,  199. 
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The  cyanate  can  also  be  readily  prepared  by  the  electrolytic 
oxidation  of  a  solution  of  potassium  cyanide  containing  caustic 
potash. 1  Potassium  cyanate  is  employed  in  the  preparation 
of  certain  organic  compounds. 

Potassium  Thiocyanatc,  KCNS  or  CS:NK,  is  formed  by  the 
direct  union  of  potassium  cyanide  and  sulphur,  but  is  usually 
prepared  by  gently  heating  a  mixture  of  46  parts  of  dry  potass- 
ium ferrocyanide,  17  parts  of  potassium  carbonate,  and  32  parts 
of  sulphur.  The  mass  after  cooling  is  extracted  with  boiling 
alcohol,  and  the  salt  crystallises  from  the  cooled  solution  in  long 
striated  prisms,  which  readily  melt  when  heated  and  deliquesce 
in  moist  air.  One  hundred  parts  of  water  dissolve  217  parts 
of  the  salt  at  20°,  a  considerable  amount  of  heat  being  absorbed ; 
thus  if  500  grams  of  the  salt  be  mixed  with  400  grams  of  water 
the  temperature  of  the  mass  sinks  to  —20°;  hence  the  salt 
has  been  used  as  a  refrigerant. 

It  melts  at  172°,  and  on  heating  to  430°  becomes  coloured 
blue,  the  blue  colour  changing  to  white  again  on  cooling.^ 

This  salt  occurs  in  minute  amounts  in  human  saliva. 

Potassium  and  Silicon. 

179  Potassium  Silicates. — When  silica  is  fused  with  potassium 
carbonate,  carbon  dioxide  is  evolved,  and  according  to  the  propor- 
tions of  the  two  substances  employed,  the  temperatures  and  the 
duration  of  heating,  the  silicates  KjSiOg,  K^Si,08(2K20,3Si02), 
and  KgSi30i„(4K20,3Si02)  are  obtained.^  Attempts  to  obtain 
the  orthosilicate  K^Si04  have  all  been  unsuccessful,  and  in  all 
probability  it  does  not  exist. 

Potassium  Metasilicate,  KgSiOg,  obtained  by  fusing  equal  mole- 
cular proportions  of  silica  and  potassium  carbonate,  forms  a 
glassy  mass  which  deliquesces  on  exposure  to  moist  air.  It  also 
absorbs  carbonic  acid  from  the  air,  and  is  gradually  transformed 
into  a  transparentjelly  which  in  time  shrinks  together,  and  after 
some  weeks  becomes  hard  enough  to  scratch  glass.  It  is  probable 
that  opal  and  flint  are  formed  in  a  similar  manner  (Kuhlmann). 
Van  Helmont  was  aware  that  the  substance  obtained  by  fusing 
silica  with  an  excess  of  alkali  became  liquid  on  exposure  to  air, 
and  Glauber  termed  this  liqivor  silicum. 

1  Patern6  and  Pannain,  Gazz.,  1904,  34,  ii.,  152. 

^  Patern6  and  Mazzucchelli,  Atti  R.  Accad.  Lincei,  1907,  [v.],  16   i.   465. 

3  Scheerer,  Annalen,  1860,  116,  149. 
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Soluble  potash  glass  is  prepared  in  a  similar  manner  to  soluble 
soda  glass  (p.  278),  and  closely  resembles  it  in  properties.  It 
has  been  used  for  a  variety  of  purposes,  but  its  place  has 
mostly  been  taken  by  the  cheaper  soda  glass. 

Potassium  silicofiuoride,  K^SiFg,  is  obtained  when  hydro- 
fluosilicic  acid  is  brought  into  contact  with  a  solution  of  a 
potassium  salt.  When  the  acid  is  added  in  small  quantities 
no  precipitate  is  observed  to  form,  but  soon  the  liquid  begins 
to  exhibit  iridescent  colours,  and  after  a  time  the  insoluble 
potassium  fluosilicate  separates  out  as  a  semi-transparent  mass. 
After  washing  with  water  and  drying,  the  salt  is  obtained  as 
a  fine  white  powder  sparingly  soluble  in  cold,  though  easily 
soluble  in  hot,  water.  By  slow  cooling  it  may  be  obtained 
in  the  form  of  bright  octahedra,  which  sometimes  show  cubic 
faces  (Marignac). 


Detection  and  Estimation  of  Potassium  and  its 
Compounds. 

i8o  The  best  indication  of  the  presence  of  potassium  com- 
pounds is  the  violet  colour  which  they  impart  to  the  non- 
luminous  flame.  This  tint  is,  however,  not  seen  if  even  a 
small  quantity  of  a  sodium  compound  is  present,  and  it  is 
then  necessary  to  examine  the  flame  by  means  of  the  spectro- 
scope. The  spectrum  thus  obtained  is  that  of  the  metal  itself 
and  contains  only  two  characteristic  lines : — viz.,  the  double  line 
Ka  (7697  and  7663),  in  the  outermost  red,  approaching  the 
ultra  red  rays  and  below  the  dark  line  A  of  the  solar 
spectrum ;  and  a  second  line  K/3  (4044),  situated  fair  in  the 
violet  rays,  towards  the  other  end  of  the  spectrum,  also  identical 
with  a  dark  solar  line.  Owing  to  the  position  of  the  two 
lines,  Ka  and  KyS,  both  situated  near  the  limit  at  which 
our  eyes  cease  to  be  sensitive  to  the  rays,  this  reaction  for 
potassium  is  not  very  sensitive,  but  tuVo  of  a  milligram  can 
be  readily  detected.  The  absortion  spectrum  of  potassium 
has  been  mapped  by  Roscoe  and  Schuster.^  It  is  totally 
different  from  the  emission  spectrum  just  described,  being  a 
channelled  space  spectrum.  Observed  at  a  low  temperature, 
the  green-coloured  vapour   exhibits   a   well-marked   series   of 

'  Proc.  Roy.  Soc,  1874,  22,  362. 
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bands,  one  group  in  the  red  (a)  and  two  groups  (/S  and  7) 
at  each  side  of  the  sodium  line  being  seen.  These  bands 
are  all  shaded  off  towards  the  red,  and  in  general  appearance 
resemble  those  of  the  iodine  spectrum. 

In  order  to  detect  and  estimate  soluble  potassium  compounds 
they  must  be  precipitated  either  as  the  perchlorate,  the 
phosphotungstate,  the  acid  tartrate,  or  the  chloroplatinate 
K,PtCle._ 

Potassium  may  be  detected  microchemically  by  the  yellow 
precipitate  or  coloration  produced  with  sodium  cobaltinitrite 
and  acetic  acid,^  and  the  same  reagent  has  been  proposed  for  its 
estimation.^  Cunningham  and  Perkin  have,  however,  shown 
that  the  method  is  not  reliable.^ 

For  the  separation  of  this  metal  from  sodium  and  for  its 
quantitative  estimation,  an  excess  of  chloroplatinic  acid, 
HjPtClg,  is  added  to  the  mixed  chlorides;  the  liquid  is  then 
evaporated  on  the  water-bath,  and  the  cooled  residue  mixed 
with  strong  alcohol,  in  which  the  excess  of  chloroplatinic  acid 
and  the  sodium  double  salt  easily  dissolve.  The  potassium 
double  salt  is  then  collected,  dried,  and  weighed,  or  its  amount 
estimated  indirectly  from  the  amount  of  platinum  or  chlorine 
which  it  contains.  Potassium  may  also  be  estimated  by  adding 
perchloric  acid  and  alcohol  to  the  concentrated  solution,  the 
precipitated  potassium  perchlorate  being  washed  with  a  mixture 
of  alcohol  and  water,  dried,  and  weighed.  The  perchlorate 
method  is  now  usually  employed  for  the  assay  of  potassium 
salts. 

The  mixed  chlorides  of  potassium  and  sodium  can  also  be 
weighed,  and  then  converted  into  sulphates  by  treatment  with 
strong  sulphuric  acid,  and  the  weight  of  these  determined. 
From  these  data  the  amount  of  potassium  («)  and  of  sodium  {y) 
present  can  readily  be  calculated  when  the  molecular  weights  of 
the  several  salts  are  known.      Thus : 

K  =  3910  Na  =  2300  K^  =  78-20  Na^  =  46-00 
CI  =   35-46        CI    =  35-46      SO,  =  96-07        SO,  =  96-07 


74-56  58-46  174-27  142-07 


'  Macallum,  Joiim.  Physiol.,  1905,  32,  95. 

2  Adie  and  Wood,  Jonm.  Chem.  Soc,  1900,  77,  1076. 

3  Journ.  Chem.  Soc,  1909,  95,  1562. 
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If  A  represent  the  weight  of  the  mixed  chlorides,  and  b  that 
of  the  mixed  sulphates,  we  have  : 

,  _  74-56        ,      58-46 

^-3910*     +     23^0^ 

174-27      ,    142-07 

B  =  ~T- X  +   y 

78-20  46-00^ 

Hence  the  values  of  x  and  y  can  be  readily  obtained. 

A  similar  result  may  be  obtained  by  simply  ascertaining  the 
amount  of  chlorine  present  in  the  mixed  chlorides  by  titration 
with  silver  nitrate  solution,  but  neither  of  these  indirect 
methods  is  susceptible  of  great  accuracy. 

The  atomic  weight  of  potassium  was  determined  by  Stas- 
As  a  mean  of  eight  experiments  he  found  that  100  parts  of 
potassium  chlorate  yielded  60-846  parts  of  potassium  chloride 
on  ignition.  Moreover,  69-103  parts  of  potassium  chloride  were 
needed,  as  a  mean  of  nineteen  experiments,  to  precipitate  100 
parts  of  silver  from  solution  :  and  100  parts  of  silver,  as  a  mean 
of  seven  experiments,  gave  132-8445  parts  of  silver  chloride. 
These  experiments  give  the  number  38-85  as  the  mean  for 
the  atomic  weight  of  potassium,  the  number  35-18  for  that  of 
chlorine,  and  the  number  107-12  for  that  of  silver  when  H  =  1 
(or  K  =  39-15,  CI  =  35-45,  and  Ag  =  107-93,  when  0  =  16). 

A  closely  agreeing  result  has  been  obtained  by  the  analysis 
of  the  chloride  by  Archibald,^  who  found  that  100  parts  of  silver 
were  precipitated  as  chloride  by  69-114  parts  of  potassium 
chloride,  and  that  100  of  silver  chloride  were  produced  by 
52-028  of  potassium  chloride.  Finally,  Richards  and  Staehler^ 
have  carefully  analysed  potassium  chloride  prepared  from  potass- 
ium nitrate,  and  have  found  the  ratios  KCl:Ag  =  69-1072  :  100  ; 
KCl :  AgCl  =  52-0118  :  100.  The  atomic  weight  of  potassium  is 
therefore  38-821  when  Ag=107-12,  and  Cl  =  35-207  ;  or  39-114 
when  Ag  =  107-93,  and  CI  =  35-473. 

The  international  atomic  weight  of  potassium  (1913)  is 
39-10. 

'  Trans.  Roy.  Soc,  Canada  (2),  10,  iii.,  47. 
•'  Ber.,  1906,  39,  3611. 
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RUBIDIUM.     Rb  =  8545. 

i8i  In  the  year  1860  Bunsen^  announced  the  discovery  by 
means  of  spectrum  analysis  of  a  new  alkali  metal,  to  which  he 
gave  the  name  of  Ccesium,  and  in  1861  he  discovered  by  the 
same  method  a  second  new  alkali  metal,  and  to  this  he  gave 
the  name  Rubidium. 

These  two  metals  and  their  compounds  possess  so  close  a 
resemblance,  and  at  the  same  time  give  reactions  so  similar  to 
those  of  potassium,  that  they  cannot  be  distinguished  either 
from  the  well-known  alkali  or  from,  one  another  by  any  of  the 
common  wet  reactions  or  blowpipe  tests.  The  only  means  by 
which  their  presence  can  be  readily  detected  is  by  their  spectrum 
reactions,  and  these  are  so  delicate  and  so  characteristic  that 
they  serve  for  the  certain  recognition  of  the  minutest  trace  of 
these  two  new  bodies,  whether  present  alone  or  mixed  with  the 
other  alkalis.  The  metals  were  first  met  with  by  Bunsen  in 
the  waters  of  Diirkheim  in  the  Palatinate,  and  in  the  mineral 
petalite.  In  these,  however,  they  are  contained  in  such  small 
quantity  that,  although  their  presence  can  be  easily  recognised 
in  a  few  drops  of  the  water  or  in  a  few  grains  of  the  mineral, 
it  was  requisite  to  boil  down  40  tons  of  the  water,  and  to  work 
up  150  kilograms  of  the  mineral,  in  order  to  obtain  enough  of 
the  new  metals  to  serve  for  the  investigation  of  their  com- 
pounds. 

The  following  extract  from  Bunsen  and  Kirchhoff's  second 
memoir  on  Spectrum  Analysis-  gives  a  clear  idea  of  the 
method  by  which  the  presence  of  the  two  new  metals  was  first 
detected : 

"  If  a  drop  of  the  mother-liquor  of  the  Diirkheim  water  be 
brought  into  the  flame  ofthe  spectrum  apparatus,  the  character- 
istic lines  of  sodium,  potassium,  lithium,  calcium,  and  strontium 
are  at  once  seen.  If  the  lime,  strontia,  and  magnesia  be  sepa- 
rated according  to  well-known  processes,  and  if  the  residual 
alkali  bases  in  the  form  of  nitrates  be  washed  out  with 
alcohol,  and  the  lithium  removed  as  completely  as  possible  by 
precipitation  with  carbonate  of  ammonium,  a  mother-liquor  is 
obtained  which  in  the  spectrum  apparatus  shows  the  lines  of 
sodium,  potassium,  and  lithium,  but,  besides  these,  two  splendid 

'  Berlin  Alcad.  Ber.,  May  10,  1860. 
2  Phil.  Mag.,  1861,  (4),  22,  330. 
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blue  lines  situated  close  together,  and  almost  coinciding  with 
the  blue  strontium  line  SrS. 

"  As  no  known  elementary  body  produces  two  blue  lines  in 
this  portion  of  the  spectrum,  we  may  consider  the  existence 
of  this  hitherto  unknown  alkali  element  as  thus  placed  beyond 
dotibt. 

"  The  facility  with  which  a  few  thousandths  of  a  milligram  of 
this  body  may  be  recognised  by  the  bright  blue  light  of  its 
incandescent  vapour,  even  when  mixed  with  large  quantities  of 
the  more  common  alkalis,  has  induced  us  to  propose  for  it  the 
name  Gcesium  (and  the  symbol  Cs),  derived  from  the  Latin 
ccesius,  used  to  designate  the  blue  of  the  clear  sky.^ 

"  If  Saxony  lepidolite  be  treated  by  any  of  the  known  plans 
for  separating  the  alkalis  from  the  other  constituents,  and  if 
the  solution  of  the  alkalis  thus  obtained  be  precipitated  with 
dichloride  of  platinum,  an  abundant  precipitate  is  formed,  which, 
when  examined  in  the  spectrum  apparatus,  shows  only  the 
bright  potassium  lines.  If  this  precipitate  be  repeatedly  washed 
with  boiling  water,  and  the  residual  salt  occasionally  examined 
in  the  apparatus,  two  splendid  violet  lines,  lying  between  the 
strontium  line  Sr8  and  the  blue  potassium  line  K/S,  will  be 
noticed  on  the  gradually  fading  continuous  background  of  the 
potassium  spectrum.  These  new  lines  increase  in  brilliancy  as 
the  washing  is  continued,  and  a  number  more  appear  in  the  red, 
yellow,  and  green  portions  of  the  spectrum. 

"  None  of  these  lines  belong  to  any  previously  known  body. 
Amongst  them  are  two  which  are  especially  remarkable  as 
lying  beyond  Fraunhofer's  line  A  and  the  potassium  line  Ka 
coincident  with  it,  and  therefore  situated  in  the  outermost 
portion  of  the  red  solar  rays.  Hence  we  propose  for  this  new 
metal  the  name  Bubidium  (and  the  symbol  Rb),  from  the 
Latin  rubidus,  which  was  used  to  express  the  darkest  red 
colour."  ^ 

Since  this  discovery,  rubidium  has  been  shown  to  be  widely 
distributed  (see  also  p.  162),  generally  accompanying  the  other 
alkalis,  but  in  very  minute  quantities.  Eubidium  occurs  in 
many  minerals,  such  as  lepidolite  and  triphylite,  in  Vesuvian 
leucite,    in    the    porphyrites    of  the    Palatinate,    in    mica,    m 

1  Aulus  Gellius  in  his  Nodes  Atlicm,  ii.,  26,  quotes  Nigidius  Figulus  as 
follows  :  "Nostris  autem  veteribus  ctesia  dicta  est,  qua;  a  (^vvdcis  jXauKHitis  ut 
Nigidius  ait,  de  colore  coeli  quasi  oalia." 

2  Aulus  Gellius,  Nodes  Attica:,  ii.,  26.  "  Rubidus  autem  eat  rufus  atrior  et 
nigriore  multo  inustus," 
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Stassfurb  carnallite/  and  in  orthoclase.  It  is  also  present  in 
nearly  all  iron  ores,  except  red  haematite,  in  many  meteorites 
and  in  some  alttminous  minerals,  such  as  bauxite  and  shale.^ 

The  following  is  the  analysis  of  the  lepidolite  from  Rozena  in 
Moravia  in  which  Kirchhofif  and  Bunsen  first  discovered 
rubidium : — 

SiOj.       AI2O;).     Fe^O;;.       CaO.  MgO.  RbjO.      Cs^O.        Li^O.      LiF. 

60-32     28-54     0-73       101  O'Sl  0-24     trace      070      0-99 

NaF.  KF.  H2O. 

177  1206  3-12 

A  large  number  of  brine  springs  and  mineral  waters  also 
contain  this  alkali.  Thus  the  hot  springs  of  the  Ungemach 
contain  in  one  litre  1'3  milligrams  of  chloride  of  rubidium 
(Bunsen) ;  the  mineral  water  of  Bourbonne-les-Bains  contains 
18  7  milligrams  of  the  same  salt,  and  32'5  milligrams  of  coesium 
chloride. 

The  celebrated  waters  of  Ems,  Kissingen,  Nauheim,  Selters, 
Vichy,  Wildbad-Gastein,  and  many  others  contain  rubidium,  and 
some  of  them  also  csesium  compounds.  Rubidium  has  been 
found  in  sea-weed  and  in  sea-water  (Sonstadt),^  and  also  in 
the  mother-liquors  (bitterns)  from  the  salterns  of  Villefranche 
(Grandeau).  Rubidium  salts  are  also  widely  met  with  in  the 
vegetable  kingdom.  Beet-root  takes  up  these  salts  from  the  soil, 
and  in  the  saline  residue  obtained  by  calcining  the  fermented 
molasses  considerable  quantities  of  rubidium  salts  are  contained. 
Thus  100  parts  of  the  saline  residue  contain  O'lS  part  of 
chloride  of  rubidium  (Grandeau).  It  has  also  been  found  in 
samples  of  tobacco  grown  in  the  most  distant  quarters  of  the 
globe— such  as  Algiers,  Havana,  Kentucky,  France,  and  Mace- 
donia. Rubidium  likewise  occurs  in  several  kinds  of  coffee 
and  tea  (Grandeau) :  in  the  ash  of  the  oak,  Quercus  pubescens, 
.in  that  of  beech  trees  grown  on  a  basaltic  soil,  in  crude 
cream  of  tartar,  and  in  potashes  from  various  sources. 
Plants  cannot,  however,  absorb  rubidium  salts  in  place  of 
potassium  salts,  and  they  die  if  these  latter  are  not  present 
(Lucanns). 

Mode  of  Preparation  of  Bubidnim  Compounds. — According  to 
Bunsen,  the  best  source  of  rubidium  is  the  saline  residue  left 
^  Feitand  Kubierschky,  Ghem.  Zeit.,  1892,  16,  335. 

'^  Hartley  and  Ramage,  Journ.  Ghem.  Soc,   1897,  71,  533,  547  ;  Sci.  Proc. 
Roy.  DuhlinSoc,  1898,  N.S..  8,  703. 
^  Ghem.  News,  1870,  22,  25,  44. 
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from  the  preparation  of  lithium  salts  from  Saxon  lepidolite. 
This  consists  of  the  chlorides  of  sodium,  potassium,  and  lithium, 
and   traces  of  the  chlorides   of  Csesium   and   rubidium.     The 
separation  of  these  metals  is  based  upon  the  fact  that  their 
chlorides   form  double  chlorides  with  platinic  chloride,  which 
are  more  insoluble  than  the  corresponding   potassium  double 
chloride.     One  kilogram  of  the  saline  mixture  is  dissolved  in 
2"5  kilograms  of  water,  and  the  cold  liquid  precipitated  by  a 
solution  of  thirty  grams  of  platinum  in  aqua  regia.      The  pre- 
cipitate, having  settled  down,  is  collected  and  boiled  twenty-five 
times  successively  with  small  quantities  of  water,  in  all  about 
1'5  kilograms,   the   liquid   in   each  case   being  added    to   the 
solution  of  the  original  salt.    A  fresh  precipitate  is  then  formed, 
this  is  again  washed  and  treated  as  the  first,  and  when  the  above 
series  of  operations  has   been  repeated   seven  or   eight  times 
the  rubidium  is  found  to  be  nearly  all  extracted.      Each  of  the 
platinum  precipitates  is  then  dried,  the  platinum  reduced  by 
hydrogen,   and   the   alkali   chlorides   dissolved    in   water.     In 
this  way  125  grams  of  rubidium   chloride  are  obtained,    con- 
taining three  or  four  per  cent,  of  chloride  of  potassium,  and  a 
little  chloride  of  csesium.     By  a  repetition  of  the  precipitation 
and  washing  of  the  platinichloride  this  quantity  of  potassium 
impurity  can  be  so  completely  removed  that  the  well-known  red 
potassium  line  (Ka)  is  not  seen  with  a  spectroscope  when  some 
of  the  salt  is  held  in  the  flame  (Bunsen). 

Another  method  consists  in  decomposing  lepidolite  with 
sulphuric  acid,  recrystallising  the  alums  of  potassium,  caesium, 
and  rubidium  which  are  formed,  decomposing  by  baryta,  treating 
the  alkaline  solution  with  carbon  dioxide  and  converting  into 
the  oxalates.  These  salts  are  then  fractionally  crystallised,  the 
potassium  salt  being  the  least  soluble.^ 

The  most  important  source  for  the  preparation  of  rubidium 
salts  is  the  mother-liquor  left  over  in  the  manufacture  of 
potassium  chloride  from  carnallite,  which  contains  rubidium 
carnallite,  RbCl.MgClj ;  by  the  addition  of  aluminium  sulphate 
the  alum  is  produced,  and  by  fractional  crystallisation  the  pure 
rubidium  compound  can  be  obtained.  The  solubilities  of  the 
alums  (in  grams  per  100  grams  water)  are  as  follows : 

Potash  Alum.  Rubidium  Alum.  Csesium  Alum. 

13-5  2-27  0'619 

1  Formiinek,  Oesterr.  Cliem.  Zeil.,  1899,  2,  309. 
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Numerous  other  methods  for  the  separation  of  rubidium  and 
caesium  from  potassium  have  been  proposed;  amongst  these 
may  be  mentioned  precipitation  with  stannic  chloride/  which 
converts  them  into  the  sparingly  soluble  stannic  chlorides 
2RbCl,SnC]4,  and  2CsC],SnCl4 ;  conversion  into  the  alums,  both 
of  which  are  only  slightly  soluble  in  water,  and  still  less  so  in  a 
solution  of  potash  alum  ^ ;  and  conversion  into  the  dichloro- 
iodides,  which  are  much  less  soluble  than  the  corresponding 
potassium  compounds.^ 

To  separate  rubidium  from  caesium,  advantage  is  taken  of  the 
different  solubilities  of  the  sparingly  soluble  salts  of  the  two 
metals.  The  platinichlorides  do  not  give  good  results,  but  the 
alums,  Rb2Al2(SOJ„24H20  and  Cs2Al2(SO,)^,24H20,  have 
been  successfully  employed,  the  former  being  about  four  times 
as  soluble  as  the  latter.*  The  hydrogen  tartrates,  RbHC^H^Og 
and  CsHC^H^Og,  may  also  be  used,  the  latter  being  the  more 
soluble,^  and  the  chlorides  may  be  precipitated  by  hydrogen 
chloride,  the  caesium  salt  being  the  more  soluble  (Archibald). 

The  best  method  of  separation  is  that  of  Godeffroy,  which 
consists  in  the  addition  of  antimony  trichloride  to  a  solution  of 
the  chlorides  in  concentrated  hydrochloric  acid,  when  the  double 
csesium  antimony  chloride,  3CsCl,2SbClg,  is  precipitated,  but 
not  the  rubidium  salt.®  This  method  is  well  adapted  for  obtain- 
ing pure  ciBsium  salts,  but  not  for  removing  the  last  traces  of 
cEesium  from  rubidium  salts. 

182  Metallic  rubidium  is  prepared  in  an  analogous  manner 
to  potassium  by  heating  a  mixture  of  the  carbonate  and 
charcoal  (obtained  by  the  ignition  of  the  hydrogen  tartrate)  to 
whiteness  in  an  iron  tube,  and  is  also  obtained  by  heating  the 
carbonate  or  hydroxide  with  magnesium,^  the  hydroxide  with 
aluminium,  rubidium  aluminate  being  then  also  formed,^  or  the 
chloride  with  metallic  calcium." 

1  Feit  and  Kubierschky,  Ghem.  Ztit.,  1892,  16,  335. 

2  Redtenbacher,  /.  pr.  Ghem.,  1865,  94,  442;  Setterberg,  Ammlen,  1882, 
211,  100. 

■■>  Wella,  Amer.  Ghem.  J.,  1901,  26,  265  ;  Archibald,  Journ.  Ghem.  Soc, 
1904,  85,  776. 

■"  Redtejibacher,  loc.  cii.  ;  Godeffroy,  Annalen,  1876,  181,  176. 

5  Allen,  Amer.  J.  Sci.,  1862,  (2),  34,  367. 

«  Ber.,  1874,  7,  375  ;  1895,  8,  9  ;  Animkn,  1876,  181,  176;  Muthmann,  Ber., 
1894,  26,  1019,  1425. 

'  Ber.,  1890,  23,  51 ;  Erdmann  and  Kothner,  Annalen,  1896,  294,  55. 

8  Beketofif,  /.  Buss.  Ghem.  Phys.  Soc,  1888,  363. 

"  Hackspill,  Gompt.  rend.,  1905,  141,  106. 
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It  is  a  silver-white  metal  of  specific  gravity  1'52,  which  at 
—  10°  is  still  soft  and  wax-like,  melts  at  38'5°,  boils  at  696° 
(Ruff  and  Johannsen),  and  emits  at  incipient  redness  a  blue 
coloured  vapour.  Like  potassium,  it  appears  to  form  an 
explosive  compound  with  carbon  monoxide.  When  thrown  on 
water  rubidium  burns  like  potassium. 

COMPOUNDS  OF  RUBIDIUM. 

183  These  compounds  as  a  rule  present  the  greatest 
similarity  to  those  of  potassium  and  ammonium,  and  are  iso- 
morphous  with  them  (see  p.  218). 

Eubidmm  Oxides. — Rubidium  monoxide,  RbgO,  is  obtained  by 
partial  oxidation  of  the  metal  and  subsequent  distillation  of  the 
excess  of  rubidium.  It  forms  light  yellow,  transparent  crystals, 
which  melt  at  250°  and  react  vigorously  with  water.  The 
peroxide,  RboOg,  is  obtained  by  heating  rubidium  in  excess  of 
oxygen  ;  it  is  a  light-yellow,  crystalline  body.  When  rubidium 
is  heated  for  a  long  time  in  excess  of  oxygen,  the 
tetrozide,  Uh.fi^,  is  produced.  It  is  a  yellowish -brown, 
crystalline  substance,  which  melts  between  600°  and  650° 
when  heated  in  oxygen.  When  heated  in  vacuum  to  600° 
oxygen  is  given  off,  and  a  blackish  mass,  the  trioxide,  RbgOg,  is 
left  behind.  Rb20.-,  and  Rb.p^  can  also  be  obtained  by  the 
action  of  oxygen  on  rubidium  dissolved  in  liquid  ammonia  at 
-50°.i 

BuUdmni  Hydroxide,  RbOH,  is  best  prepared  by  adding 
baryta  water  to  a  solution  of  rubidium  sulphate.  It  forms  a 
greyish-white,  deliquescent  mass,  melts  at  a  red  heat  and  is 
volatile  in  the  flame  of  a  Bunsen  burner.  It  is  a  stronger  base 
than  potassium  hydroxide. 

BuUdium  Hydride,  RbH,  forms  colourless,  prismatic  needles 
of  sp.  gr.  2.  It  decomposes  below  300°  in  vacuo  into  its 
elements.^ 

BuUdium  Chloride,  RbCl.— Rubidium  takes  fire  in  chlorine 
gas,  burning  with  a  bright  light.  Chloride  of  rubidium 
crystaUises  in  glittering  cubes  which  melt  at  710°.  100  parts 
of  water  dissolve  84-4  parts  of  the  salt  at  10°,  and  138-9  parts 
at  100°. 

1  Rengade,  Compt.  rend.,  1906,  142,  15.S3  ;  1907,  145,  236;  Ann.  Chim. 
Phys.,  1907,  11,  348. 

-  Moissan,  Compt.  rend.,  1903,  136,  587. 
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The  hromide  and  iodide  are  very  similar  to  the  corresponding 
potassium  salts. 

The  rubidium  halides  unite  with  a  large  number  of  metallic 
chlorides  forming  double  salts  which  for  the  most  part  crystallise 
well.  Kubidium  also  forms  compounds  with  a  larger 
number  of  halogen  atoms  much  more  readily  than  potassium, 
the  compounds  being  also  more  stable.  The  following  are 
known,  and  are  all  crystalline :  RbBrg,  BhCABr^,  RbClgBr,  Rbig, 
RbBr^I,  RbCljI,  RbClBrI,  RbClJ.i  The  solid  polyiodides 
Rblj  and  RbIg  exist  at  25°,  but  have  not  been  prepared  pure.^ 

Buhidium  Chlorate,  RbClOg,  is  obtained  by  the  double 
decomposition  of  rubidium  sulphate  and  barium  chlorate.  It 
crystallises  in  small  prisms  which  taste  like  potassium  chlorate, 
and  of  which  2'8  parts  dissolve  in  100  parts  of  water  at  4-7°, 
and  5'1  parts  at  19°. 

Buhidium  Perchlorate,  RbClO^,  is  a  granular  powder 
consisting  of  glittering  microscopic  crystals  belonging  to  the 
rhombic  system.  When  heated  below  redness  it  decomposes 
into  rubidium  chloride  and  oxygen.  100  parts  of  water  dissolve 
1-085  parts  of  the  salt  at  21-3°. 

Buhidium  Sulphides? — The  monosulphide,  Rb2S,4H20,  is 
obtained  by  the  action  of  hydrogen  sulphide  on  a  solution  of 
the  hydroxide,  and  precipitation  with  alcohol.  The  tetrasulphide, 
Rb2Sjj,2H20,  is  obtained  by  adding  the  calculated  quantity  of 
sulphur  to  a  solution  of  the  monosulphide.  When  an  excess 
of  sulphur  is  added  to  a  solution  of  the  monosulphide,  and  the 
mixture  is  heated  in  an  atmosphere  of  hydrogen,  the  penta- 
sulphide,  RbgSs,  is  produced.  The  pentasulphide  when  heated 
in  an  atmosphere  of  nitrogen  is  converted  into  the  trisulphide, 
RbgSg,  but  when  heated  in  an  atmosphere  of  hydrogen  the 
disulphide  is  formed. 

Normal  Buhidium  Sulphate,  RbgSO^,  exists  as  large 
rhombic  crystals  which  taste  like  potassium  sulphate.  100 
parts  of  water  dissolve  42'6  parts  of  this  salt  at  10°,  and  81'8 
at  100°. 

BiMdium  Selenate,  RbgSeO^,  has  the  density  3-9 :  100  parts 
of  water  dissolve  158'9  parts  of  the  salt  at  12°  (Tutton). 

Buhidium  Nitrate,  RbNOg,  crystallises  in  needles  or  prisms, 

1  Amer.  J.  Sci.  (3),  1892,  43,  475;  44,  42;  1893,  46,  88,  269;  Amtr. 
Chem.  J.,  1896,  18,  847 ;  Zeit.  physikal.  Chem.,  1899,  28,  523. 

2  Abegg,  Zeit.  anorg.  Chem.,  1906,  50,  403. 

2  Biltz  and  Wilke-Dorfurt,  Ber.,  1905,  38,  123  ;  Zeit.  aiwnj.  Chem.,  1906, 
50,  67. 
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and  is  very  soluble  in  water,  100  parts  of  which  dissolve  at  0° 
19'5,  and  at  100°  452  parts  of  this  salt.  It  can  be  distinguished 
from  nitre,  inasmuch  as  it  readily  dissolves  in  concentrated 
nitric  acid. 

Rubidium  Carbonate,  Rb^COg.— The  normal  salt  is  obtained 
by  decomposing  the  sulphate  with  baryta  water  and  evaporating 
the  filtrate  with  ammonium  carbonate.  It  is  a  deliquescent 
powder  which  is  very  soluble  in  water.  If  the  solution  of  this 
salt  be  saturated  with  carbon  dioxide,  and  allowed  to  evaporate 
over  sulphuric  acid,  glittering  prisms  of  the  acid  salt,  HRbCOj, 
are  obtained ;  these  have  a  cooling  taste,  and  are  easily  soluble 
in  water. 


Detection  and  Estimation  of  Rubidium. 

184  The  rubidium  salts  when  brought  into  the  non-luminous 
gas  flame  impart  to  it  a  tint  of  a  rather  more  red  shade  than 
is  produced  by  the  potassium  salts. 

The  flame  spectrum  (p.  149)  exhibits  two  characteristic  lines 
in  the  violet  Rba  (4202)  and  Rb/3  (4216).  These  are  the  most 
valuable  as  the  means  of  recognising  the  rubidium  salts.  Two 
other  rubidium  lines,  RbS  (7950)  and  Rby  (7799),  are  seen  at 
the  red  end  of  the  spectrum ;  they  are  both  less  refrangible  than 
the  red  potassium  lines.  Besides  these  several  other  charac- 
teristic lines  occur.  The  spectrum  reaction  for  rubidium  is  so 
delicate  that  0'002  mgrm.  can  be  readily  detected  (Bunsen). 

Rubidium  can  be  estimated  in  the  same  way  as  potassium, 
either  by  precipitation  as  the  platinichloride  or  the  perchlorate.^ 

Bunsen  determined  the  atomic  weight  of  the  metal  by  pre- 
cipitating the  pure  chloride  by  silver  nitrate.  He  found  as 
a  mean  result  the  number  84-8  for  the  atomic  weight  of 
rubidium.  Grandeau  obtained  a  closely  corresponding  number 
by  the  analysis  of  the  sulphate,  the  same  number  being  also 
found  by  Godeffroy,  whilst  Archibald  by  the  analysis  of  the 
bromide  found  the  number  84-841  (H  =  l);  85-485  (0  =  16).2 
The  value  at  present  accepted  (1913)  is  85-45. 

1  See  also  Gazz.,  190.3,  33,  ii.  189. 

2  Jomii.  Chem,  Soc,  1904,  85,  776. 


B  B 


372  CESIUM 


CAESIUM.     Cs  =  132-81. 

185  This  metal  is  remarkable  not  only  as  having  been  the  first 
one  discovered  by  spectrum  analysis,  but  also  because  even 
before  Bunsen's  discovery  of  this  metal,  chemists  had  investi- 
gated certain  caesium  compounds,  which,  however,  they  had 
mistaken  for  potassium  salts.  Thus,  in  the  year  1846,  Plattner 
analysed  a  rare  mineral  found  in  the  island  of  Elba,  and  termed 
Pollux,'-  with  the  following  result :  — 


Silica     . 

46-20 

Alumina    .... 

16-39 

Ferric  oxide 

0-86 

Potash   ... 

16-51 

Soda      .    .            .        . 

10-47 

Water   .                    .    .    . 

.    .        .          2-32 

92-75 

Plattner,  being  a  careful  experimentalist,  sought  for  an  expla- 
nation of  the  fact  that  his  analysis  did  not  add  up  to  100  parts 
although  he  searched  in  vain  for  all  other  constituents.  The 
explanation  of  the  enigma  was  given  by  the  discovery  of 
caesium,  for  Pisani,^  in  the  year  1864,  found  on  analysis  of 
another  sample  of  the  same  mineral  that  the  alkali  which 
Plattner  had  mistaken  for  potassium  is  in  reality  csesium.  His 
analysis  gave  the  following  numbers : — ■ 

Silica     .    .        -. 44-03 

Alumina 15-97 

Ferric  Oxide 068 

Lime 068 

Csesia     .        .        - 34-07 

Soda 3-88 

Water 2-40 


101-71 


If  we  now  calculate  the  quantity  of  caesium  oxide  correspond- 
ing to  the  amount  of  potash  found  by  Plattner  as  the  platinum 

1  Poijij.  Ann.,  1846,  69,  liS.  ^  Compt.  rend.,  1865,  60,  714. 
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double  salt,  we  obtain  the  number  35'69  ;  if  we  next  subtract 
the  weight  of  the  chloride  of  csesium  thus  found  from  the  weight 
of  the  mixed  chlorides  of  csesium  and  sodium  as  found  by 
Plattner,  we  obtain  the  number  1'72  as  the  amount  of  soda 
present.  These  numbers  correspond  satisfactorily  with  Pisani's 
results,  especially  when  we  remember  that  the  quantity  of 
mineral  analysed  by  Plattner  was  very  small.  Both  analyses, 
therefore,  lead  to  the  following  formula  for  pollux  :  — 

lOSiOg  +  SCCs.CNa^O.CaO)  +  2(Al203,Fe,03)  +  2Hfi. 

It  has  already  been  mentioned  under  rubidium  that  caesium 
occurs  generally  together  with  this  and  the  other  alkali  metals. 
Csesium  alone  is  found  in  the  mineral  waters  of  Frankhauson, 
of  Monte  Latino  in  Tuscany,  as  well  as  in  the  Wheal  Clifford 
Spring,  one  litre  of  this  latter  water  containing  l'7l  mgrms.  of 
caesium  chloride  (Yorke).  It  is  a  remarkable  fact  that  plants 
do  not  take  up  any  csesium  compounds  from  the  soil,  and  in 
absence  of  potassium  compounds,  cjesium  acts  as  a  poison  upon 
vegetable  life  (Lucanus).  The  sources  from  which  csesium  is 
derived,  and  its  separation  from  other  metals  and  finally  from 
rubidium,  have  already  been  described  under  the  latter  metal. 
Csesium  was  obtained  by  Setterberg  by  the  electrolysis  of  a 
mixture  of  csesium  and  barium  cyanides,  and  by  Beketoff  by 
heating  csesium  hydroxide  with  aluminium  to  a  bright  red  heat 
in  a  nickel  retort.  It  can  also  be  prepared  by  heating  the 
carbonate  ^  or  hydrate  ^  with  magnesium,  or  the  chloride  with 
calcium  *  in  a  vacuum.  The  metal  is  of  silver- white  colour, 
takes  fire  when  heated  in  the  air,  melts  at  26'4°,  boils  at  670° 
(Rufif  and  Johanmsen),  and  has  a  specific  gravity  of  1'88  at  15°.* 
When  exposed  to  the  air  it  gradually  melts  and  takes  fire,  and 
when  thrown  into  water  it  remains  on  the  surface  and  burns 
with  a  reddish-violet  flame  (Graefe  and  Eckardt).  In  the 
presence  of  mercury  an  amalgam  is  formed  which  is  more 
electro-positive  than  rubidium  amalgam,  and  hence  metallic 
csesium  is  the  most  electro-positive  of  the  metals. 

'  Erdmann  and  Menke,  /.  Amer.  Chem.  Soc,  1899,  21,  259. 
2  Graefe  and  Eckardt,  Zeit.  anorg.  Chem.,  1899,  22,  158. 
»  Hackspill,  Compt.  rend.,  1905,  141,  106. 

*  Setterberg,  Annalen,  1882,  211,  100 ;  Eckardt  and  Graefe,  Zeit.  anorg. 
Chem.,  1900,  23,  378.     See  also  Menke,  /.  Amer.  Chem.  Soc,  1899,  21,  420. 
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COMPOUNDS  OF  C/ESIUM. 

i86  The  cffisium  compounds  are  isomorphous  with  those  of 
potassium,  rubidium,  and  ammonium  (p.  218).  They  colour  the 
flame  of  a  still  more  reddish  tint  than  the  salts  of  rubidium. 

CoBsium  Monoxide,  CsgO,  may  be  obtained  by  exposing  caesium 
to  an  insufficient  amount  of  oxygen  in  a  silver  boat,  exhausting 
the  apparatus  and  distilling  off  the  excess  of  metal.^  It  forms 
orange-red  crystals,  which  become  darker  when  heated  and 
melt  at  450 — 500°  and  then  lose  caesium,  forming  a  higher 
oxide.  It  absorbs  water  and  carbon  dioxide  from  the  air,  and  is 
rendered  incandescent  by  the  addition  of  water,  a  colourless 
solution  of  the  hydroxide  being  produced. 

Ccesmm  Hydroxide,  CsOH,  is  obtained  by  a  process  similar 
to  that  by  which  rubidium  hydroxide  is  prepared,  and  resembles 
it  closely  ;  it  is  the  strongest  of  all  bases. 

Peroxides  of  Ccesium. — When  molten  caesium  is  exposed  to 
oxygen  and  the  mass  heated  to  300 — 850°,  the  peroxide,  CsO„ 
is  formed  as  a  yellow  crystalline  powder,  which  readily 
dissociates  when  further  heated  and  is  decomposed  by  water 
with  formation  of  caesium  hydroxide  and  hydrogen  peroxide, 
and  evolution  of  oxygen.  This  oxide  is  also  formed  by  the 
action  of  oxygen  on  caesium  dissolved  in  liquid  ammonia,  the 
oxides  CsjOj  and  CS2O3  being  obtained  as  intermediate 
products.^ 

Ccesium  Chloride,  CsCl,  crystallises  in  small  cubes  of  sp.  gr. 
3-972,  which  melt  at  a  dull  red  heat,  and  volatilise  even  more 
readily  than  potassium  chloride.  It  is  very  hygroscopic  and 
deliquesces  in  moist  air;  100  parts  of  water  dissolve  174-7  parts 
of  the  salt  at  10°.  The  hromide,  sp.  gr.  4-38,  and  iodide  are 
similar  to  the  corresponding  potassium  salts.  Like  the 
rubidium  halides,  the  caesium  derivatives  form  a  very  large 
number  of  well-crystallised  double  salts  with  other  metallic 
halides.  A  number  of  polyhalide  salts  are  also  known,  most  of 
which  are  crystalline ;  among  these  may  be  mentioned  CsBr^, 
CsBr^,  Cslg,  Cslg,  and  CsClJ  (Wells,  Penfield  and  Wheeler). 
The  polyiodide  Cslg  exists  at  25°,  but  has  not  been  isolated 
(Abegg). 

1  Rengade,  Compt.  rend.,  1906,  143,  592. 

2  Rengade,  Compt.  rend.,   1905,  140,  1183;  1906,  142,  1149:  Zeil    anora 
Chem.,  1906,  50,  67. 
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Ccesium  Sulphides. — Csesium  forms  the  same  series  of  sulphides 
as  rubidium,  and  their  preparation  is  similar.  The  penta- 
sulphide  melts  at  202°. 

Normal  Ccesium  Sulphate,  Cs^SO^,  forms  short,  hard,  prismatic 
crystals  of  sp.  gr.  4'24,  insoluble  in  alcohol,  though  readily 
soluble  in  water.  The  acid  salt,  CsHSO^,  crystallises  in 
rhombic  prisms. 

Ccesium  Selenate,  Cs^SeO^,  has  the  sp.  gr.  4'4.528 ;  100  parts  of 
water  dissolve  244'8  parts  of  the  salt  at  12°.^ 

Ca'sium  Nitrate,  CsNO^,  crystallises  in  small  glittering  prisms 
which  possess  the  cooling  taste  of  saltpetre,  and  are  slightly 
soluble  in  alcohol.  100  parts  of  water  at  o'2°  dissolve  10"58 
parts  of  this  salt.     It  has  the  sp.  gr.  3-687,  and  melts  at  414°. 

Normal  Ccesium  Carbonate,  Gs^CO^. — This  salt  separates  out 
from  a  syrupy  solution  in  the  form  of  ill-defined  hydrated 
deliquescent  crystals.  They  melt  on  heating,  leaving  a  residue 
of  the  anhydrous  salt  as  a  sandy  powder.  It  is  soluble  in 
absolute  alcohol.  100  parts  of  alcohol  dissolve  at  19°,  111,  and 
at  the  boiling  point,  20'1  parts  of  the  anhydrous  salt.  The  acid 
salt,  CsHCOg,  crystallises  from  aqueous  solution  in  large  prisms. 

Ccesium  Hydride,^  CsH,  and  Ccesium  Amide^  CSNH2,  closely 
resemble  the  corresponding  potassium  compounds. 


Detection'  and  Estimation  of  Cesium. 

The  spectrum  of  csesium  contains,  in  addition  to  the  two 
characteristic  bright  blue  lines  Csa  and  Cs^  (45.55  and  4593), 
several  other  less  distinct  lines. 

The  atomic  weight  of  caesium  has  been  ascertained  by  the 
analysis  of  the  halogen  salts  by  means  of  silver  nitrate. 
Johnson  and  Allen  as  well  as  Bunsen  thus  obtained  the  number 
1320,  whilst  Godeffroy  obtained  the  number   131-6. 

Richards  and  Archibald  *  by  the  analysis  of  the  chloride  and 
bromide,  and  by  heating  the  nitrate  with  silica  have  obtained 
the  value  131-874  (H  =  l),  132-879  (0  =  16).  The  material 
employed  was  purified  by  recrystallisation  of  the  dichloroiodide, 
CsClgl.     The  value  at  present  accepted  (1913)  is  132-81. 

1  Tutton,  Joum.  Chem.  Soc,  1897,  71,  846. 

2  Moissan,  Compt.  rend.,  1903,  136,  587. 

J  Rengade,  Compt.  rend.,  1905,  140,  1536. 
■>  Zeit.  anorg.  Chem.,  \90^,  34,  353. 
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187  The  name  volatile  alkali  was  long  ago  given  to  ammonia 
as  pointing  out  its  similarity  to  the  fixed  alkalis  potash  and  soda. 
In  1808,  Seebeck  made  the  interesting  discovery  that  when 
mercury  is  brought  into  a  strong  aqueous  solution  of  ammonia, 
and  an  electric  current  passed  through  it,  the  metal  increases 
rapidly  in  bulk,  giving  rise  to  an  amalgam-like  mass.  The 
same  observation  was  made  almost  simultaneously  by  Berzelius 
and  Pontin,  whilst  Davy,  as  soon  as  he  was  informed  of  the  fact, 
repeated  the  experiment  and  discovered  that  a  piece  of  sal- 
ammoniac  moistened  with  water  might  be  employed  instead  of 
aqueous  ammonia.  Davy  also  noticed  that  the  same  amalgam- 
like mass  is  formed  when  an  amalgam  of  potassium  is  thrown 
into  a  concentrated  solution  of  sal-ammoniac.  Hence  he,  like 
Berzelius,  came  to  the  conclusion  that  ammonia  must  contain 
oxygen,  and  that  in  this  experiment  it,  like  potash  and  soda, 
had  been  reduced  by  the  electricity  to  a  metal-like  body.  To 
this  metal-like  substance,  which  was  supposed  to  exist  in  this 
amalgam,  they  gave  the  name  of  ammonium.  This  view  of  the 
constitution  of  the  ammonium  compounds  was  objected  to  by 
Gay-Lussac  and  Th^nard,  who,  from  their  experiments  on  the 
subject  carried  out  in  the  year  1809,  concluded  that  the  forma- 
tion of  the  amalgam  is  due  to  a  combination  of  the  ammonia 
with  hydrogen.  They  arrived  at  this  result  frOm  observing  that 
the  amalgam  undergoes  rapid  spontaneous  decomposition  into 
mercury,  ammonia,  and  hydrogen  gas.  Arguing  from  analogy, 
the  French  philosophers  were  inclined  to  believe  that  in  like 
manner  potassium  and  sodium  could  not  be  considered  to  be 
true  metals,  but  were  rather  the  hydrogen  compounds  of  the 
alkalis.  In  reply  to  these  objections,  Davy  and  Berzelius  showed 
that  the  hydrogen  which  was  evolved  might  arise  from  the  decom- 
posing action  of  the  metallic  ammonium  upon  the  water  which 
adhered  to  it,  in  the  same  way  as  hydrogen  is  evolved  when 
sodium  and  potassium  are  thrown  into  water.  Berzelius  con- 
tinued for  many  years  to  hold  the  view  that  oxygen  is  contained 
in  ammonia,  and  he  explained  the  fact  that  this  element  could 
not  be  detected  in  the  ammonia,  by  assuming  that  nitrogen 
itself  is  an  oxide  of  an  element  hitherto  not  isolated,  to  which 
he  gave  the  name  of  nitricum. 

Ampere  was  the  first,  in  the  year  1816,  to  endeavour  to  explain 
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the  analogy  of  the  ammoniacal  salts  with  those  of  the  fixed  al- 
kalis. He  showed  that  the  differences  in  composition  between  the 
salts  of  a  fixed  and  those  of  the  volatile  alkali  disappear  when 
we  assume  that,  in  the  latter  class  of  salts,  a  compound  radical 
exists  composed  of  one  volume  of  nitrogen  to  four  volumes  of 
hydrogen,  so  that  sal-ammoniac  or  hydrochloride  of  ammonia 
may  be  regarded  as  the  chloride  of  the  metal-like  substance  to 
which  the  name  of  ammonium  had  been  given.  In  1820  Ber- 
zelius  gave  up  his  old  view,  and  accepted  the  ammonium  theory. 
He  showed  that  aqueous  ammonia  must  be  regarded  as  a 
solution  of  ammonium  oxide,  and  assumed  that  when  anhydrous 
ammonia  unites  with  a  hydrogen  acid  (a  substance  to  which 
we  now  give  the  simple  name  of  acid)  the  ammonia  combines 
with  the  hydrogen  of  the  acid  to  form  the  metal-like  radical 
ammonium,  and  that  this  becomes  an  oxide  by  union  with  the 
oxygen  of  the  water. 

According  to  our  present  views,  the  ammonium  salts  are 
considered  as  being  derived  from  acids  by  the  replacement  of 
their  hydrogen  by  the  radical  ammonium,  NH^.  These  salts. 
are  isomorphous  with  the  salts  of  potassium,  rubidium,  and 
csesium,  and  otherwise  exhibit  a  close  analogy  with  them  (p. 
218). 

Avimonmm  Amalgam. — This  substance,  whose  existence  has 
already  been  mentioned,  is  formed  when  a  piece  of  moistened 
sal-ammoniac  is  laid  in  a  platinum  basin,  a  small  quantity  of 
mercury  poured  upon  it,  and  this  brought  in  contact  with  the 
negative  pole  of  an  electric  battery,  the  positive  pole  being  con- 
nected with  the  platinum  basin.  It  maybe  obtained,  still  more 
readily,  by  throwing  sodium  amalgam  containing  1  per  cent,  of 
sodium  into  a  concentrated  solution  of  sal-ammoniac.  The 
mercury  increases  in  bulk  to  upwards  of  twenty  times  its 
original  volume,  and  then  contains  from  0"6  to  0'9  per  cent,  of 
its  weight  of  ammonium.  It  is  also  produced  by  the  action  of 
sodium  amalgam  on  ammonium  chloride  dissolved  in  liquid 
ammonia  at  —35°.^  This  amalgam  forms,  at  the  ordinary 
temperature,  a  light,  soft,  buttery  mass  which  at  —80°  becomes 
a  very  hard  metallic  mass,  and  begins  to  liquefy  at  —  40°,  and 
decomposes,  even  at  —  29°,  with  evolution  of  two  volumes  of 
ammonia  and  one  volume  of  hydrogen. 

The  nature  of  this  remarkable  substance  has  been  the 
subject   of  much  discussion.     Some   chemists   have   supposed 

'  Moissan,  Com.pt.  rend.,  1901,  133,  803. 
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that  it  must  be  regarded  merely  as  a  solution  of  ammonia  and 
hydrogen  in  mercury,  or  as  a  metallic  froth.  Against  this  view, 
however,  it  is  to  be  remembered  that  neither  of  these  gases, 
either  alone  or  when  mixed  together,  dissolves  at  all  in  mer- 
cury. Others  again  support  the  view  that  ammonium  amalgam 
is  a  true  amalgam  containing  the  metallic  radical  ammonium. 
Ammonium  amalgam  differs,  however,  from  the  amalgams  of 
the  alkali  metals,  inasmuch  as  it  does  not  reduce  the  salts  of 
silver  and  copper  at  the  ordinary  temperature,^  and  this  fact 
was  for  long  considered  to  be  strong  evidence  against  this 
opinion.  It  has,  however,  been  found  that  at  0"  this  reduc- 
tion readily  occurs,  and  that  the  amalgam  is  even  capable 
of  reducing  the  salts  of  cadmium  and  zinc.^  The  view 
that  ammonium  amalgam  is  in  reality  analogous  to  the 
amalgams  of  sodium  and  potassium  is  confirmed  by  the  fact 
that  the  depression  of  the  freezing  point  of  mercury  pro- 
duced by  the  presence  of  the  ammonium  is  similar  to  that 
produced  by  sodium  or  potassium.*  Moreover  the  effect 
of  the  amalgam  on  the  magnitude  of  polarisation  of  a  battery 
is  quite  comparable  with  that  of  the  amalgams  of  the  alkali 
metals.* 

When  ammonium  amalgam  decomposes,  it  appears  to  give  off 
positively  charged  ions,  the  nature  of  which  is  unknown.^ 

All  efforts  to  isolate  the  radical  ammonium,  either  from 
the  amalgam  or  from  the  salts,  have  hitherto  failed.  It  does 
not  appear  to  be  produced  by  the  electrolysis  of  ammonium 
iodide  in  liquid  ammonia  at  —95°^;  nor  is  it  formed  in  various 
reactions,  such  as  the  interaction  of  calcium  with  ammonium 
chloride  at  a  low  temperature  in  presence  of  liquid  ammonia.^ 
In  all  these  cases  ammonia  and  hydrogen  are  the  products,  and 
hence  it  is  probable  that  "  ammonium, "  if  it  be  capable  at  all 
of  an  independent  existence,  can  exist  only  at  very  low 
temperatures. 

Fotassammonium  and  Sodammonium. — When  metallic 
potassium  or  sodium  is  added  to  liquid  ammonia,  solution  takes 
place,  and  when  the  blue  liquid  is  allowed  to  evaporate  a  copper- 

'  Landolt,  Aniialen,  1868,  Suppl.,  6,  .342. 

2  Coehn,  Zeit.  anorg.  Chem.,  1900,  25,  4.30. 

*  Rich  and  Travers,  Journ.  Chem.  Soc,  1906,  89,  872. 

^  Le  Blanc,  Zeit.  Physikal.  Chem.,  1890,  5,  467. 

'  Coehn,  Chem.  Gentr.,  1906,  il.,  409  ;  Zeit.  Elektrochem. ,  1906   12   609 

«  Ruff,  Ber.,  1901,  34,  2604. 

'  Moissan,  Compt.  rend.,  1901,  133,  715,  771. 
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coloured  mass  remains  which  has  the  composition  NH^K  or 
NHgNa. 

Similar  substances  are  formed  by  lithium,  rubidium,  csEsium, 
calcium,  strontium,  and  barium.^  They  are  also  formed 
when  ammonia  is  passed  over  these  metals,  and  for  each  metal 
there  is  a  limit  of  temperature  above  which  the  change  does 
not  occur.  It  has  hitherto  been  supposed  that  these  substances 
are  compounds  of  ammonia  with  the  metals  in  question,  but  the 
experiments  of  RufF  and  Geisel  ^  show  that  in  all  probability  the 
change  consists  simply  in  the  formation  of  a  solution  of  the 
metal  in  ammonia,  the  copper-coloured  residue  being  composed 
of  the  solid  metal  and  its  saturated  solution,  which  can  be 
separated  by  filtration  through  a  cloth  under  pressure. 

All  the  sohitions  of  the  metals  in  ammonia  gradually  decom- 
pose, forming  the  amide  of  the  metal  and  free  hydrogen,  the 
change  being  much  accelerated  by  the  addition  of  platinised 
asbestos. 

The  metals  in  this  form  are  extremely  reactive,  and  these 
solutions  have  been  employed  in  the  preparation  of  many 
metallic  compounds. 

Ammonium  Peroxide. — A  crystalline  compound  of  the  com- 
position (NHj)202,H202  is  formed  when  ethereal  solutions  of 
ammonia  and  hydrogen  peroxide  are  mixed  and  cooled  to  —  40°. 
It  decomposes  slowly  at  this  temperature  into  ammonia  and 
hydrogen  peroxide,  but  at  the  ordinary  temperature  yields 
ammonia,  water,  and  oxygen,  a  small  amount  of  ammonium 
nitrite  being  also  formed.* 

Ammonium  and  the  Halogens. 

i88  Ammonium  Fluoride,  NH^F,  is  obtained  by  saturating 
hydrofluoric  acid  with  ammonia.  The  commercial  hydrofluoric 
acid,  however,  generally  contains  lead  and  other  metals  which 
must  be  previously  removed  by  the  addition  of  a  small  quantity 
of  ammonium  carbonate  and  sulphide.  The  clear  acid  liquid  is 
saturated  with  solid  ammonium  carbonate  and  then  evaporated 
in  a  platinum  basin,  ammonium  carbonate  being  added  at 
intervals  to  prevent  the  formation  of  the  acid  fluoride.     Am- 

1  Joannis,  Ann.  Chim.  Phys.,  1906  (8),  7,  5;  Roederer,  Gompt.  rend.,  1905, 
140,  1252;  Moissan,  Oompt.  rend.,  1892,  127,  685:  1901,  133,  715;  1903, 
136,  1177. 

2  Ber.,  1906,  39,  828. 

8  Melikoff  and  Pissarjewsky,  Ber.,  1897,  30,  3144  ;  1898,  31,  152,  446. 
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monium  fluoride  crystallises  in  hexagonal  tablets  or  prisms. 
It  has  a  sharp  saline  taste  and  deliquesces  in  moist  air,  is 
more  easily  soluble  in  water  than  sal-ammoniac,  and  de- 
composes at  the  ordinary  temperature  when  in  the  moist 
state.  It  decomposes  silicates  on  being  heated  with  them, 
with  evolution  of  silicon  tetrafluoride,  and  hence  it  is  largely 
used  in  mineral  analysis  and  for  etching  upon  glass.  This 
may  be  readily  accomplished  by  allowing  a  solution  of  the 
salt  to  dry  upon  the  place  which  it  is  desired  to  etch.  It  can- 
not be  preserved  in  glass  bottles,  but  must  be  kept  in  vessels 
either  of  platinum,  silver,  or  gutta-percha. 

Hydrogen  Ammonmm  Fluoride,  NH^F,HF,  is  formed  when  a 
solution  of  the  normal  salt  is  evaporated  at  a  temperature  of 
about  40°.  It  crystallises  in  colourless  rhombic  prisms  which 
deliquesce  slightly  in  the  air  and  on  heating  evolve  highly 
irritating  and  acrid  fumes. 

Ammonmm  Chloride,  NH^Cl. — The  history  of  this  salt,  well 
known  under  the  name  of  sal-ammoniac,  has  already  been  given 
in  Vol.  I.,  p.  493.  It  is  found  in  the  fumeroles  of  Vesuvius,  Etna, 
Hecla,  and  other  volcanoes,  as  well  as  in  the  cracks  and  fissures 
in  recent  lava  streams.  Its  formation  has  also  been  observed 
when  large  masses  of  coal  undergo  combustion,  as  when  a  coal 
pit  is  on  fire.  The  salt  has  also  been  observed  in  guano  from 
the  Chincha  Islands. 

Sal-ammoniac  originally  served  as  the  source  from  which  all 
the  ammoniacal  salts  were  prepared.  At  present,  however,  these 
are  usually  obtained  from  ammonium  sulphate,  which  is  pre- 
pared from  the  ammoniacal  liquor  of  the  gasworks  on  an  enor- 
mous scale.  For  the  manufacture  of  the  chloride,  gas  liquor  is 
sometimes  distilled  with  lime  in  the  manner  described  under 
ammonium  sulphate,  and  the  ammonia  evolved  absorbed  in 
hydrochloric  acid  of  sp.  gr.  I'l  contained  in  a  stone  saturator. 
More  usually  now,  a  crude  fairly  concentrated  liquor  ammoniac 
is  first  prepared  by  the  distillation  of  gas-liquor,  as  described  in 
Vol.  I.,  p.  500,  and  then  neutralised  with  hydrochloric  acid,  or  a 
solution  of  ammonium  sulphate  is  boiled  with  the  equivalent 
quantity  of  sodium  chloride,  when  double  decomposition  takes 
place : 

(NHJaSO,  +  2NaCl  =  2NH,C1  +  Na^SO,. 

The  sodium  sulphate  separates  first  on  concentration  and  is 
removed  by  "  fishing."     The   solution   of  ammonium   chloride 
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obtained  by  cany  of  these  methods  is  then  evaporated  to  the 
crystallisation  point,  and  the  crude  product  purified  by  recrys- 
tallisation  or  more  frequently  by  sublimation.  The  vessel 
employed  for  this  purpose  consists  of  two  parts.  The  lower 
one  is  either  a  semicircular  earthenware  vessel  embedded  in 
an  iron  one,  or  consists  entirely  of  a  cast-iron  basin.  The  sal- 
ammoniac  in  the  solid  state  is  brought  into  this,  and  then  a 
semicircular  dome-like  cover,  either  of  earthenware,  load,  or 
iron,  is  placed  over  it,  and  this  is  luted  tight  with  clay.  In 
the  centre  of  the  dome  there  is  an  opening  which  is  left  open 
during  the  sublimation.  Pure  sal-ammoniac  is  also  obtained  by 
employing  the  same  apparatus,  but,  instead  of  the  impure  salt, 
a  mixture  of  common  salt,  NaCl,  and  ammonium  sulphate, 
(NHJjSO^,  is  heated,  when  sodium  sulphate  remains  behind, 
sal-ammoniac  subliming  as  before. 

Pure  ammonium  chloride  is  colourless  and  odourless  and  has 
a  sharp  saline  taste.  It  crys- 
tallises from  a  saturated  solu- 
tion in  arborescent  or  feather- 
like growths  which  consist  of 
an  aggregation  of  small  regular 
octahedra,  and  other  forms  of 
the  regular  system  (class  29, 
p.  201),  so  that  the  crystals 
appear  to  belong  to  the  hexag- 
onal or  tetragonal  system 
(Fig.  99).      From   a  solution  Fic^ 

containing  urea,  sal-ammoniac 

crystallises  in  cubes.  When  the  salt  is  sublimed,  and  the 
vapour  quickly  cooled,  it  is  precipitated  in  the  form  of  a  light 
crystalline  powder  known  as  flowers  of  sal-ammoniac.  T'he 
common  sublimed  sal-ammoniac  is  a  semi-transparent,  fibrous, 
crystalline  mass,  which  is  so  tough  that  it  is  difficult  to  powder. 
For  the  purpose  of  obtaining  it  in  a  fine  powder,  a  concentrated 
solution  is  evaporated  down  and  constantly  stirred. 

When  sal-ammoniac  dissolves  in  water  a  considerable  reduc- 
tion of  temperature  takes  place ;  30  parts  of  salt  dissolve  in  300 
parts  of  water  at  13  S"",  and  the  temperature  is  reduced  to  —  5'1° 
(Rtidorff).  100  parts  of  water  dissolve  at  0°,  297,  at  10",  333, 
and  at  110°,  83'8  parts  of  the  salt ;  the  boiling  point  of  the 
saturated  solution  is  115'6°. 

Sal-ammoniac  is  very  sparingly  soluble  in  absolute  alcohol,  of 
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which  100  parts  dissolve  0"62  part  of  the  salt  at  19°.  The 
specific  gravity  of  sal-ammoniac  is  ]."52. 

The  salt  is  slightly  hydrolysed  in  aqueous  solution/  and 
when  the  solution  is  boiled,  ammonia  escapes  in  small  quantity, 
the  liquid,  which  is  at  first  neutral  to  litmus,  becoming 
slightly  acid.  It  is  not  volatile  at  the  ordinary  temperature  of 
the  air,  but  at  higher  temperatures  it  evaporates  completely, 
giving  rise  to  a  colourless  vapour,  which,  according  to  Bineau, 
has  the  specific  gravity  0'89,  corresponding  to  a  vapour  density 
of  13'345,  whilst  the  molecular  formula,  NH^Cl,  requires  a 
density  of  26'69.  From  the  fact  of  the  abnormal  density  it  has 
been  argued  that  the  sal-ammoniac  vapour  consists  of  a  mixture 
of  equal  molecules  of  ammonia  and  hydrochloric  acid.  The 
truth  of  this  supposition  was  first  experimentally  demonstrated 
by  Pebal,^  who  allowed  the  vapour  of  sal-ammoniac  to  diffuse 
into  an  atmosphere  of  hydrogen,  when  the  lighter  ammonia  was 
found  to  diffuse  out  and  the  heavier  hydrochloric  acid  to  remain 
behind.  Karl  von  Than  ^  then  showed  that  if  ammonia  and 
hydrogen  chloride  be  brought  together  at  a  temperature  of 
upwards  of  350°,  at  which  point  sal-ammoniac  is  gaseous,  no 
change  either  of  temperature  or  of  the  volume  of  the  gases  is 
observed,  whereas  if  chemical  union  had  taken  place  a  change 
of  both  of  these  would  naturally  have  been  expected.  Marignac* 
further  observed  that  in  the  volatilisation  of  sal-ammoniac 
nearly  the  same  amount  of  heat  is  absorbed  as  is  evolved  when 
ammonia  and  hydrochloric  acid  combine.  It  has  also  been 
shown  that  under  diminished  pressure  and  in  an  atmosphere  of 
ammonia,  the  vapour  density  of  ammonium  chloride  is  24'2^ 
24'6,  showing  that  under  these  conditions  nearly  the  whole  of 
the  ammonium  chloride  volatilises  without  dissociation,^  whilst 
if  the  ammonium  chloride  employed  be  absolutely  dry  it  has  the 
normal  vapour  density  even  under  atmospheric  pressure.^ 

This  fact  of  the  dissociation  of  sal-ammoniac  can  be  readily 
shown  by  igniting  a  small  piece  of  the  solid  in  a  closed 
platinum  crucible.  On  removing  the  lid  after  the  salt  has 
been  volatilised,  and  plunging  a  moistened  piece  of  blue  litmus 
paper  into  the  crucible,  the  litmus  paper  will  be  turned  bright 

1  Veley,  Jouni.  Chem.  Soc,  1905,  87,  26.  ^  Annalen,  1862,  123,  199. 

3  Annalen,  1864,  131,  129. 

*  Compt.  rend.,  1869,  68,  877. 

s  Neuberg,  Ber.,  1891,  24,  2543. 

"  Baker,  Journ.  Chem.  Soc,  1894,  65,  615. 


AMMONIUM  CHLORATE  383 

red,  proving  the  presence  of  free  hydrochloric  acid,  the  lighter 
ammonia  having  escaped. 

Sal-ammoniac  is  used  in  medicine.  In  former  days  that 
which  came  from  Egypt  -vvas  especially  esteemed  as  a  drug. 
Large  quantities  are  used  in  the  processes  of  dyeing,  and  workers 
in  metal  employ  it  in  the  processes  of  soldering  and  tinning,  as 
at  a  high  temperature  it  either  reduces  the  metallic  oxide  or 
converts  it  into  fusible  chloride  and  thus  gives  rise  to  a  bright 
metallic  surface.  It  is  also  of  value  in  the  laboratory,  both  as  a 
reagent  and  as  a  convenient  source  of  ammonia. 

Ammonium  Bromide,  NH^Br,  is  very  soluble  in  water,  and 
crystallises  in  white  cubes  which  taste  like  sal-ammoniac. 

Ammonium  Iodide,  NH^I,  is  best  obtained  by  saturating 
ammonia  with  hydriodic  acid.  It  crystallises  in  colourless 
cubes  readily  soluble  in  water  and  in  alcohol.  It  deliquesces  in 
moist  air  and  gradually  assumes  a  yellow  colour  due  to  the  slow 
liberation  of  iodine. 

A  dibromoiodide,  NH^Brgl,  analogous  in  composition  to  the 
rubidium  trihalogen  compounds,  has  been  described.^ 

Ammonium  Chlorate,  NH^ClOg. — When  ammonia  is  saturated 
with  chloric  acid  and  the  solution  evaporated,  this  salt  crystal- 
lises out  in  small  needles,  which  have  a  strongly  acrid  taste 
and  are  very  soluble  in  water  and  slightly  soluble  in  absolute 
alcohol.  Heated  to  102°  the  salt  decomposes  (Wachter), 
chlorine,  oxygen,  nitrous  oxide  and  aqueous  vapour  being 
evolved,  and  sal-ammoniac  remaining  behind.  Occasionally  the 
salt  undergoes  spontaneous  decomposition.  When  thrown  on 
to  a  hot  plate  it  decrepitates  like  ammonium  nitrate. 

Ammonium  Perchlorate,  NH^CIO^,  is  obtained  by  saturating 
ammonia  with  perchloric  acid.  It  forms  rhombic  crystals,  which 
are  isomorphous  with  potassium  perchlorate  and  dissolve  in  five 
parts  of  cold  water. 

It  has  been  employed  as  a  constituent  of  explosives,  for 
which  purpose  it  may  be  prepared  by  the  interaction  of 
concentrated  solutions  of  ammonium  nitrate  and  sodium 
perchlorate.^ 

Ammonium  and  Sulphur. 

189  The  method  of  preparing  volatile  compounds  of  sulphur 
has  long  been  known.  Thus,  for  instance,  the  writer  who  assumed 

1  Jackson  and  Derby,  Amtr.  Chem.  J.,  1900,  24,  15. 

2  Alvisi,  G'as;.,  1899,  29,  i.,  121,  478. 
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the  name  of  Basil  Valentine  states  that  a  blood-red  oil  may- 
be obtained  by  distilling  together  common  sulphur,  quicklime, 
and  sal-ammoniac.  He  also  says:  "Take  grey  sulphur  and 
quicklime  a  pound,  sal-ammoniac  a  fourth  part ;  rub  these 
together,  when  a  splendid  red  oil  is  obtained,  which  fixes  and 
refines."  Beguin  was  also  acquainted  with  this  mode  of  prepara- 
tion in  the  seventeenth  century,  and  this  salt  was  known  as 
spirihis  sulphuris  volatilis  Begxiinii.  Boyle  in  1663  observed 
that  the  vapours  of  this  body  possessed  the  power  of  blackening 
metals,  and  he  therefore  termed  it  a  volatile  tincture  of  sulphur, 
and  this  same  substance  was  known  to  the  later  chemists  as 
spiritus  fumans  BoyUi.  This  is  a  mixture  of  several  sulphides 
of  ammonium.  Boerhaave  in  1732  was  the  first  to  mention  the 
fact  that  flowers  of  sulphur  dissolve  in  ammonia,  the  substance 
thus  obtained  being  known  as  volatile  liver  of  sulphur.  The 
preparation  of  the  compound  by  leading  sulphuretted  hydrogen 
into  ammonia  was  described  by  Kirwan  in  1786. 

Ammonium  Sulphide,  (NH^)2S,  is  obtained  in  colourless 
micaceous  crystals  by  passing  a  mixture  of  sulphuretted  hydro- 
gen with  a  slight  excess  of  ammonia  into  a  vessel  cooled  to  — 18°, 
ammonium  hydrosulphide  being  also  formed.  At  the  same  time 
a  very  volatile  liquid  is  condensed,  which  has  the  composition 
(NHj2S,2NHg.  Ammonium  sulphide  readily  dissolves  in 
water,  but  the  properties  of  the  solution  render  it  probable  that 
it  is  at  the  same  time  partially  dissociated  into  ammonium 
hydrosulphide  and  ammonia.^ 

Ammonium  Hydrosulphide,  NH^HS,  is  obtained  by  mixing 
sulphuretted  hydrogen  and  ammonia  in  equal  volumes  at  the 
ordinary  temperature,  and  forms  a  porcelain-like  mass ;  it  is  also 
formed  if  the  sulphuretted  hydrogen  be  present  in  slight 
excess,  but  is  not  the  only  product  in  presence  of  excess 
of  ammonia.  Its  aqueous  solution  is  obtained  by  saturating 
ordinary  strong  ammonia  solution,  diluted  with  four  times  its 
volume  of  water,  with  sulphuretted  hydrogen,  the  strongest 
solution  obtainable  containing  16-19  percent,  of  NH^HS.  If  the 
solution  of  ammonia  be  more  concentrated,  compounds  of  the 
general  formula  (NH^)2S,xNH^HS  are  formed,  the  value  of  x 
decreasing  step  by  step  with  the  increase  in  the  concentration  of 
the  solution.  Thus  with  ammonia  of  specific  gravity  0'880 
the  compound  formed  has  the  composition  (NH^)2S,2NH^HS, 
and  separates,  when  the  solution  is  cooled  to  0°,  in  leaf-like 
'  Bloxam,  Jouni.  Cham.  Soc,  1895,  67,  283. 
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crystals.  Crystals  having  the  composition  (NHJ^SjeNH^HS, 
(NHJ^S.ISNH.HS,  and  (NH,),S,18NH,HS  have  also  been 
prepared.  The  ammonium  sulphide  solution  employed  in  the 
laboratory  consists,  therefore,  of  ammonium  sulphide,  hydro- 
sulphide,  hydroxide,  and  free  ammonia  in  proportions  varying 
with  the  concentration,  and  it  also  almost  always  contains  a 
small  quantity  of  polysulphides,  which  impart  to  it  a  yellow 
colour,  these  being  formed  by  the  action  of  the  solution  on  the 
sulphur  obtained  from  its  partial  oxidation. 

Ammonium  Polysulphides. — Compounds  containing  more 
sulphur  than  the  foregoing  are  obtained  by  the  action  of  sulphur 
on  solutions  of  ammonium  sulphide ;  these  were  first  examined 
by  Fritsche,  who  described  the  tetrasulphide,  (NHJ^S^,  the 
pentasulphide,  (NH^)2Sg,  and  the  heptasulphide,  (NHJ^S^, 
and  regarded  these  as  formed  by  the  direct  addition  of 
sulphur  to  ammonium  sulphide.  The  subject  has  been 
again  investigated  by  Bloxam,'-  who  has  found  that  the 
formation  of  these  compounds  does  not  proceed  in  so  simple  a 
manner.  The  solution  of  ammonium  sulphide,  which  as  above 
mentioned  usually  contains  the  hydrosulphide,  sulphide,  and 
free  ammonia,  acts  on  the  sulphur  with  evolution  of  sulphuretted 
hydrogen  and  formation  of  two  tetrammonium  polysulphides 
viz.,  the  enneasulphide  (NHJ^Sg  and  the  heptasulphide  (NH^)^Sj,, 
both  of  which  crystallise  in  yellow  needles,  and  contain  respec- 
tively seven  and  four  molecules  of  water.  These  compounds  by 
their  decomposition  give  rise  to  the  diammonium  polysulphides, 
of  which  the  following  have  been  obtained  in  the  crystalline 
form : 

Ammonium  tetrasulphide,  4(NH4)2S^,  HgO. 

Ammonium  pentasulphide,  (NH^)2S5,  HjO. 

Ammonium  heptasulphide,  3(NHJ2S7,4H20. 

Ammonium  enneasulphide,2(NH^).2Sg,H20,  and  5(NHJ2S9,4H20, 

190  Normal  Ammonium  Sulphate,  (NHJ2SO4. — We  find  this 
salt  mentioned  by  Libavius,  but  more  accurately  described  by 
Glauber,  who  recommended  its  use  as  a  medicine.  It  was  long 
known  by  the  name  of  sal  ammoniacum  secretuvi  Glauberi.  This 
salt  is  found  in  certain  volcanic  districts,  especially  in  the  neigh- 
bourhood of  the  boric  acid  fumeroles  of  Tuscany,  and  it  is  termed 
by  mineralogists  mascagnite.  Ammonium  sulphate  is  prepared 
on  the  large  scale  by  heating  ammoniacal  gas  liquor  with  milk 
1  Journ.  Chem.  Soc,  1895,  67,  283. 
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of  lime,  and  passing  the  ammonia  evolved  into  sulphuric  acid. 
The  distillation  is  best  carried  out  in  a  continuous  still,  the 
construction  of  which  is  analogous  to  the  well-known  Coffey 
still,  used  in  the  distillation  of  alcohol.  A  typical  form  of  still, 
devised  by  Feldmann.^  is  shown  in  Fig.  100.  The  ammoniacal 
liquor  passes  from  the  storage  tank  a  into  the  supply  tank  h, 
and  thence  through  the  economiser  j,  where  it  is  warmed  by 
the  hot  waste  gases  coming  from  the  saturator  E.     It  flows 


i-^«^. 


Fig.  100. 


thence  into  the  top  chamber  of  the  column  A,  falls  from  chamber 
to  chamber  by  the  overflow  pipes  a,  and  is  subjected  in  each  to  a 
current  of  steam  subdivided  into  a  number  of  small  streams, 
which  completely  removes  the  whole  of  the  volatile  ammonia, !«., 
the  ammonia  present  as  sulphide  and  carbonate.  In  the 
chamber  B  it  is  mixed  with  milk  of  lime  introduced  by  the 
pump  G,  and  then  passes  into  the  top  of  the  second  column  c, 
1  Patent  No.  3643  (1882). 
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where  it  is  again  subjected  to  the  action  of  the  current  of  steam 
and  freed  from  the  fixed  ammonia,  i.e.,  that  present  as  sulphate, 
chloride,  thiosulphate,  thiocyanate,  &c.,  the  acids  remaining  in 
combination  with  the  lime.  The  waste  liquor  passes  away  from 
the  bottom  D,  and  is  almost  completely  free  from  ammonia. 

The  steam  required  is  introduced  by  the  pipe  g  into  the 
bottom  of  the  column  c,  passes  from  the  top  to  the  bottom 
of  A,  and  leaves  the  latter,  carrying  with  it  the  whole  of  the 
ammonia,  sulphuretted  hydrogen,  and  carbon  dioxide,  by  the 
pipe  i,  through  which  it  is  conveyed  to  the  saturator  E,  which 
consists  of  an  iron  or  wooden  tank  lined  with  lead  and  filled 
with  sulphuric  acid  of  142°  Tw.  The  latter  absorbs  the 
ammonia,  forming  ammonium  sulphate,  which  is  fished  out  as 
it  separates  and  allowed  to  drain,  the  waste  gases  being  retained 
within  the  bell  F,  and  passing  thence  through  the  economiser  J, 
to  the  pipe  I,  by  which  they  are  conveyed  to  plant  for  further 
treatment  and  prevention  of  nuisance  arising  from  them. 

These  gases  consist  chiefly  of  sulphuretted  hydrogen  and  car- 
bon dioxide,  with  some  hydrocyanic  acid,  hydrocarbon  vapours, 
and  small  amounts  of  other  impurities,  and  they  are  usually 
treated  for  the  recovery  of  the  sulphur.  In  some  cases  they 
are  burnt  with  the  requisite  quantity  of  oxygen  in  a  Glaus 
kiln  (p.  302),  and  the  sulphur  recovered  as  such,  but  in 
most  cases  the  sulphuretted  hydrogen  is  removed  by  absorp- 
tion with  oxide  of  iron,  as  in  the  purification  of  coal-gas  (Vol.  I., 
p.  871).  Other  methods  of  treatment  are.  to  burn  the  gas 
completely  and  pass  the  products  of  combustion  with  those  from 
pyrites  burners  into  sulphuric  acid  chambers,  or,  where  no 
chambers  are  available,  into  a  tower  containing  limestone,  down 
which  water  flows,  the  sulphur  being  thus  converted  into  a 
solution  of  calcium  sulphite. 

The  ammonium  sulphate  thus  obtained  is  always  slightly 
damp  and  contains  a  small  quantity  of  free  acid,  but  may  be 
purified  by  recrystallisation.  It  forms  large  transparent  crystals 
isomorphous  with  those  of  potassium  sulphate,  has  a  specific 
gravity  of  1-77,  and  a  sharp,  bitter,  and  saline  taste.  100  parts 
of  water  dissolve  at  0°,  71  parts,  and  at  100°,  lOS'S  parts  of  the 
salt,  but  it  is  only  slightly  soluble  in  aqueous  alcohol  and 
insoluble  in  absolute  alcohol. 

Ammonium  sulphate  can  be  obtained  by  heating  aluminium 
nitride  with  sulphuric  acid  or  with  aluminium  sulphate : 
2  AIN  +  H^SO,  +  enp  -  2  A1(0H)3  -|-  (NH,),SO,. 

cc  2 
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It  is  suggested  to  use  the  product  so  obtained  as  fertiliser.^ 
Ammonium  sulphate  is  used  for  the  manufacture  of  other 
ammonium  salts,  but  its  chief  employment  is  as  a  nitrogenous 
manure,  this  salt  and  Chili  saltpetre  being  the  two  chief  sources 
of  inorganic  nitrogenous  matter  employed  in  agriculture.  It  is 
estimated  that  in  1912  the  world's  consumption  of  these  salts 
for  manurial  purposes  was  no  fewer  than  2,555,200  tons  of  Chili 
saltpetre,  and  about  1,300,000  tons  of  ammonium  sulphate.^  The 
whole  of  the  ammonia  of  commerce,  as  already  mentioned,  is 
obtained  as  a  by-product  in  the  distillation  of  coal,  by  far 
the  greatest  quantity  being  obtained  from  the  coal-gas  manu- 
facture. Increasing  quantities  of  ammonia  are,  however,  being 
recovered  in  other  industries  where  coal  is  distilled,  namely,  from 
coke-ovens,  blast-furnaces,  shale-works,  bone-works,  and  in  the 
manufacture  of  producer  gas  from  bituminous  fuel  (Vol.  I., 
p.  892).  The  following  table  gives  the  amount  of  ammonium 
sulphate  produced  in  the  United  Kingdom  in  the  years  1909- 
10-118:— 


1911. 

1910. 

1909. 

Gas-works    . 

168,789 

167,820 

164,276  tons 

Iron-works  . 

20,121 

20,139 

20,228     „ 

Shale-works 

60,785 

59,113 

57,048     „ 

Coke-oven  works 

105,343 

92,665 

82,886     „ 

Producer-gas   and  car- 

bonising works  (bone 

and  coal) 

20,964 

27,850 

24,705     „ 

Total 

376,002 

367,587 

349,143  tons 

In  1912  the  production  of  ammonia  calculated  as  sulphate  was 
estimated  at  379,000  tons  made  up  as  follows  :  * 

Gas-works 166,000  tons 

Iron-works 20,000 

Shale-works 61,000     „ 

Coke   and    carbonising   works 

and  producer-gas  works      .  132,000 

Total 379,000  tons 

1  German  Patent,  235868. 

=  Compare  Guye,  J.  Soc.  Chem.  Ind.,  1906,  25,  568. 

"  Chief  Inspector's  Forty-Eighth  Annual  Report,  1911,  p.  17. 

*  Chemical  Trades  Journal,  1913,  52,  82. 
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Ammonium  Persulphate,  (NHJoSgOg.— This  salt  is  obtained 
by  the  electrolysis  of  a  solution  of  ammonium  sulphate  in  dilute 
sulphuric  acid,  and  crystallises  in  large  prisms,  which  are  very 
soluble  in  water.^  In  presence  of  silver  salts  it  undergoes  a 
remarkable  decomposition,  one-eighth  of  the  nitrogen  being 
oxidised  to  nitric  acid  :  ^ 

8(NH  J,S  A  +  6H2O  =  7(NH  J2S0,+  gH^SO,  +  2HNO3. 

It  is  now  prepared  on  the  manufacturing  scale  for  use  as  an 
oxidising  agent,  also  for  the  preparation  of  other  persulphates,  as 
it  is  the  most  soluble  of  all  these  salts. 

Ammonium  Selenate,  (NHJ.^SeO^,  is  not  isomorphous  with  the 
rhombic  sulphate,  but  forms  monoclinic  crystals.  In  the 
presence  of  a  small  amount  of  sulphate,  however,  mixed  crystals 
of  the  rhombic  system  are  obtained.^ 

Ammoxium  and  Nitrogen. 

191  Ammonium  Azoimide  or   Ammonium  Nitride,  N^H^  or 

/^    . 
NH^.N<^   II,  is  formed  by  neutralising  a  solution  of  azoimide 

\n 

with  ammonia,  but  is  best  obtained  by  saturating  an  alcoholic 
solution  of  diazohippuramide,  C9HgN02.NH.N:N.OH,  with 
ammonia  gas ;  it  crystallises  in  large  lustrous  prisms,  which 
become  opaque  and  slowly  volatilise  in  the  air,  and  on  careful 
heating  sublime  in  small  lustrous  prisms.  It  is  very  soluble  in 
water,  has  an  alkaline  reaction,  melts  and  decomposes  violently 
at  110",  and  explodes  with  great  violence  when  quickly  heated.* 
When  it  is  vaporised  the  salt  dissociates  completely.^ 

Ammonium  Nitrite,  NH^NOg,  is  best  obtained  bypassing  the 
nitrous  fumes  prepared  by  the  action  of  nitric  acid  on  arsenious 
oxide  over  ammonium  carbonate  kept  cool  by  ice,  the  resulting 
mass  being  treated  with  alcohol,  and  precipitated  with  ether. 
It  forms  colourless  deliquescent  crystals  which  explode  on  heating 
to  60-70°,  whilsb  in  acid  solution  similar  decompositions  some- 
times occur  at  the  ordinary  temperature.®    It  can  also  be  prepared 

1  Marshall,  Journ.  Chem.  Soc,  1891,  59,  777. 

2  Marshall,  Proc.   Roy.   Soc.   Edin.,   1900,  23,   163  ;  Marshall  and  Inglis, 
ibid.,  1902,  24,  88. 

3  Tutton,  Journ.  Chem.  Soc,  1906,  89,  1059. 
-  Curtius,  Ber.,  1891,  24,  3348. 

"  Curtius  and  Rissom,  ./.  pr.  Chem.,  1898  (2),  58,  261. 
•"  Sorensen,  Zeit.  anm'g.  Chem.,  1894,  7,  33. 
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from  ammonium  sulphate  and  sodium  nitrite.^     The  solution 

decomposes  on  heating  with  formation  of  nitrogen  and  water 

(Vol.  I.,  p.  493) : 

NH,N02  =  N,  +  2HA 

Ammonium  Nitrate,  NH^NOg. — This  salt  was  first  prepared 
by  Glauber  and  was  originally  known  by  the  name  of  nitriom 
flammans.  It  has  a  specific  gravity  of  1"72,  and  melts  at  166°, 
It  is  tetramoi-phous,  forming  a  cubic  modification  which  is 
stable  above  125'6°,  a  hexagonal  modification  stable  from  125'6° 
to  82'8°,  a  rhombic  form  stable  from  82'8°  to  32'4°,  and  finally  a 
second  rhombic  form  stable  below  this  temperature,^  which  is 
the  form  obtained  by  the  evaporation  of  the  solution  at  the 
ordinary  temperature.  It  is  very  soluble  in  water,  a  large 
amount  of  heat  being  absorbed  ;  100  parts  of  water  dissolve  118'3 
parts  of  the  salt  at  0°,  241-8  parts  at  30°,  and  580  parts  at  80°. 
The  cryohydric  temperature  is  -17'35°  (de  Coppet).  It  is 
also  easily  soluble  in  alcohol  and  dissolves  in  liquid  ammonia. 
When  the  dry  salt  is  thrown  on  a  red-hot  plate  it  decomposes 
with  the  production  of  a  yellow  flame  and  a  slight  explosion,  into 
nitrogen,  water,  and  nitric  oxide,  whereas  if  it  be  gently  heated 
it  decomposes  into  water  and  nitrous  oxide,  a  small  portion  of 
the  salt  subliming  unchanged.  It  is  chiefly  employed  in  the 
manufacture  of  nitrous  oxide  for  anaesthetic  purposes,  and  is 
also  used  for  the  preparation  of  freezing  mixtures,  and  as  a  con- 
stituent of  certain  explosives.  The  salts  NH^N03,2HN03, 
melting  at  29-.5°,  and  NH^NOg.HNOg  have  been  described.^ 

Ammonium  and  Phosphorus. 

192  Normal  Ammonium  Phosphate,  (i^H^^VO^,  is  obtained 
as  a  crystalline  semi-solid  mass  when  hydrogen  di-ammonium 
phosphate  is  supersaturated  with  concentrated  aqueous  ammonia. 
It  crystallises  from  its  solution  in  dilute  ammonia  in  short 
prismatic  needles.  These  contain  SRfi,  and  are  moderately 
stable  in  the  air,  but  on  boiling  the  aqueous  solution  two-thirds 
of  the  ammonia  is  evolved. 

1  Biltz  and  Gahl,  Zeif.  ElehtrocTiem. ,  1905,  11,  409. 

2  Lehmann,  Zeit.  Kryst.  Min.,  1877, 1,  106  ;  Sohwarz,  Preisschri/t,  OSttingen, 
1892,  42;  Tammann,  Ann.  Phys.  Chem.,  1899  (2),  68,  553,  629;  Miiller  and 
Kaufmann,  Zeit.  physikal.  Chem.,  1903,  42,  497  ;  Nicol,  Zeit.  anorg.  Chem., 
1897,  15,  397.     Compare  Wallerant,  Compt.  rend.,  1906,  142,  217. 

"  Gro^ohuflf,  Ber.,  1904,  37,  1486;  Zeit.  anorg.  Chem.,  1904,  40,  1. 
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Di-ammonmm  Hydrogen  Phosphate,  (NH^)2HP04,  occurs  in 
guano  from  Ichaboe  (Herapath),  and  is  easily  formed  when 
a  solution  of  phosphoric  acid  containing  an  excess  of  ammonia 
is  allowed  to  evaporate ;  transparent  monoclinic  prisms  are  thus 
deposited. 

Ammonium  Dihydrogen  Phosphate,  (NH^)H2P0^,  is  formed 
when  aqueous  phosphoric  acid  is  added  to  ammonia  until  the 
solution  reddens  litmus  paper,  and  is  no  longer  precipitated  by 
barium  chloride.  It  crystallises  in  tetragonal  prisms  and  is  iso- 
morphous  with  the  corresponding  potassium  salt. 

Hydrogen  Ammonium  Sodium  Phosphate  or  Microcosmic  Salt 
HNaNH^P04,4H20. — The  old  alchemists  were  aware  that  this 
peculiar  salt  could  be  obtained  from  urine,  but  Marggraf  was 
the  first  to  examine  with  care  the  salt  which  crystallised  from 
evaporated  urine  and  to  show  that  it  contained  a  volatile  alkali, 
whilst  Proust  found  in  1775  that  sodium  was  contained  in  this 
compound.  The  salt  was  first  termed  sal  urinwfixuvi  in  contra- 
distinction to  the  sal  urince  volatile  or  ammonium  carbonate, 
but  it  was  also  termed  sal  microcosmicum,  being  obtained  from 
the  human  body.  This  compound  is  also  found  in  guano 
(Herapath). 

In  order  to  prepare  the  compound,  five  parts  of  common 
rhombic  sodium  phosphate  are  dissolved  in  hot  water  together 
with  two  parts  of  crystallised  ammonium  phosphate,  and  the 
solution  is  allowed  to  cool.  Transparent  monoclinic  prismatic 
crystals  separate  out,  having  a  specific  gravity  of  1-55  and 
possessing  a  strongly  saline  taste.  They  melt  readily  on 
heating,  giving  off  water  and  ammonia,  and  leaving  a  residue  of 
the  dihydrogen  sodium  orthophosphate,  which  again  at  a  high 
temperature  melts  with  loss  of  water,  forming  a  clear  liquid, 
and  this  on  cooling  yields  a  glassy  mass  of  sodium  hexameta- 
phosphate.  This  substance  is  used  lai'gely  as  a  blowpipe 
reagent. 

Ammonium  and  Carbon. 

193  Carbonates  of  Ammonia. — Commercial  carbonate  of  am- 
monia, sal-volatile,  or  salt  of  hartshorn,  forms  the  starting- 
point  for  these  compounds.  This  substance  was  well  known  to 
the  later  alchemists,  who  prepared  it  by  the  dry  distillation  of 
evaporated  and  decomposed  urine,  hartshorn,  bones,  and  other 
animal  matter.  Its  preparation  from  sal-ammoniac  was  first 
described  in  the  works  attributed  to  Basil  Valentine,  but  long 
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after  the  15th  century  it  was  supposed  that  the  volatile  alkaline 
salts  obtained  from  various  sources  possessed  different  medicinal 
power.  Even  up  to  the  end  of  the  I7th  century  English 
drops,  which  were  really  nothing  more  than  carbonate  of  am- 
monia mixed  with  an  ethereal  oil,  were  sold  at  high  prices,  and 
it  was  stated  by  some  that  the  volatile  alkali  contained  in  this 
substance  was  prepared  by  the  destructive  distillation  of  silk, 
whilst  others  gave  the  remarkable  receipt  that  five  lbs.  of  skulls 
of  persons  who  had  been  hanged,  or  had  other\yise  come  to  an 
unnatural  end,  must  be  distilled  with  two  lbs.  of  dried  vipers, 
hartshorn,  and  ivory.  More  rational  views  concerning  the 
composition  of  these  compounds  were  arrived  at  towards  the 
end  of  the  18th  century.  Dossie  in  his  Mahoratpry  laid  Open, 
published  in  1758,  distinctly  states  that  the  same  animal  sub- 
stances alway  yield  an  equally  efficacious  kind  of  volatile  alkali. 
Commercial  Carbonate  of  Ammonia  is  obtained  by  subliming 
a  mixture  of  two  parts  of  chalk  and  one  part  of  sal-an)moniac  or 
ammonium  sulphate.  This  operation  is  conducted  in  iron 
retorts  furnished  with  leaden  receivers,  and  ten  parts  of  sal- 
ammoniac  yield  from  seven  to  eight  parts  of  the  carbonate. 
This  salt  is  then  resublimed  with  the  addition  of  some  water, 
and  is  thus  obtained  as  a  white,  semi-transparent,  fibrous  mass, 
which  has  a  strongly  ammoniacal  smell  and  a  pungent  caustic 
taste.  This  salt  possesses  the  composition  NgHjjCgOj.and  consists 
of  hydrogen  ammonium  carbonate  along  with  ammonium 
carbamate  (Vol.  I.,  p.  854) ;  thus,  (NHJHCO3  +  NH^.CO^NHg. 
By  treating  the  salt  with .  strong  alcohol  the  carbamate  can  be 
dissolved  whilst  the  ammonium  bicarbonate  remains  undis- 
solved. This  same  decomposition  takes  place  when  the  salt  is 
exposed  to  the  air,  the  carbamate  undergoing  slow  volatilisation. 
The  impurities  liable  to  occur  in  the  commercial  salt  are 
thiosulphate,  sulphate,  and  chloride  of  aminonia,  lead  from 
the  receiver,  and  lime  and  calcium  chloride  from  the  chalk 
employed. 

Normal  Ammonium  Carbonate,  (NHJjCOg.HgO. — Dalton 
first  prepared  this  salt  by  treating  sal-volatile  with  a  quantity  of 
water  insufficient  to  dissolve  it  completely.  It  is  also  obtained 
when  ammonium  carbamate  is  dissolved  in  water,  a  condition  of 
equilibrium  between  the  two  salts  being  finally  attained  :  ^ 

>  Macleod  and  Haskins,  J.  Bio!.  Ohem.,  1906,  1,  319, 
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It  is,  however,  most  readily  prepared  by  digesting  the  common 
commercial  carbonate  of  ammonia  for  two  hours  at  a  temperature 
of  12°  with  strong  aqueous  ammonia,  and  drying  the  crystalline 
powder  which  remains  behind  between  blotting  paper. 

Transparent  tabular  or  prismatic  crystals  are  deposited  from  a 
solution  prepared  at  a  temperature  of  from  30°  to  35°.  These 
possess  an  ammoniacal  odour,  attract  moisture  from  the  air  and 
become  opaque  from  loss  of  ammonia  and  formation  of  hydro- 
gen ammonium  carbonate  and  water  (Divers).^ 

Hydrogen  Ammonium  Carbonate  or  Ammonium  Bicarbonate, 
(NH4)HC03. — Crystals  of  this  salt  are  sometimes  found 
in  Patagonian  guano,  and  in  the  purifiers  of  gas-works.  It 
is  formed  when  the  foregoing  compound  is  allowed  to  lie  ex- 
posed to  the  air,  or  when  its  solution  is  treated  with  carbon 
dioxide.  It  forms  a  white  mealy  powder,  or,  when  slowly 
crystallised,  large  rhombic  crystals,  which  have  a  cooling 
saline  taste  and  do  not  smell  of  ammonia  when  in  the  dry 
state.  At  60°  it  slowly  undergoes  decomposition  with  evolu- 
tion of  carbon  dioxide,  ammonia,  and  water.  When  it  is  more 
strongly  heated  in  such  a  way  that  a  small  quantity  of  water 
condenses  and  the  gases  are  not  allowed  to  recombine,  the  ordi- 
nary commercial  carbonate  of  ammonia  is  formed  (Divers). 
This  salt  dissolves  at  15°  in  8  parts  of  water.  Its  solution  when 
exposed  to  the  air,  as  well  as  when  heated  above  36°,  loses  carbon 
dioxide,  but  its  saturated  solution  can  be  crystallised  by  cooling 
out  of  contact  with  air.  It  is  not  soluble  in  alcohol,  but  if 
alcohol  be  added  and  the  mixture  be  allowed  to  stand  in  the  air 
carbon  dioxide  is  evolved  and  normal  ammonium  carbonate 
dissolves.  It  forms  a  double  salt  with  the  former  compound 
having  the  composition  2(NHJHC03,(NHJ2C03,H20,  which  is 
known  as  ammonium  sesquicarbonate ;  this  may  be  most  easily 
obtained  by  treating  the  commercial  salt  at  30°  with  a  moderate 
amount  of  tolerably  concentrated  ammonia,  and  crystallising. 
This  double  salt  forms  flat  rhombic  prisms  or  thin  six-sided 
tablets,  smells  strongly  of  ammonia,  and  dissolves  at  15°  in  5 
parts  of  water.  It  is  decomposed  by  an  excess  of  water  with 
formation  of  the  bicarbonate.  Aqueous  solutions  of  the 
carbonates  are  completely  decomposed  on  boiling,  the  ammonia 
and  carbon  dioxide  passing  over  with  the  steam. 

194  Ammonium  Cyanide,  NH^CN.— When  a  mixture  of  sal- 
ammoniac   and   dry    ferrocyanide    of   potassium,    or    mercury 
1  Journ.  Chem.  Soc,  1870,  23,  171. 
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cyanide,  is  heated,  this  salt  sublimes  in  colourless  cubes  which 
smell  of  both  ammonia  and  hydrocyanic  acid.  It  is  also  pro- 
duced when  a  mixture  of  ammonia,  nitrogen  and  hydrogen  is 
passed  over  wood  charcoal  at  1000°.^  It  is  easily  soluble  in  both 
water  and  alcohol,  and  evaporates  at  a  temperature  of  36°.  The 
vapour  is  inflammable  and  burns  with  a  yellow  flame.  It  is  an 
extremely  poisonous  salt,  and  decomposes,  especially  in  the  moist 
state,  into  azulmic  acid. 

Ammonium  Gyanate,  NH^OCN,  is  formed,  mixed  with  urea 
and  cyamelide,  when  the  vapour  of  cyanic  acid  is  brought  into 
contact  with  dry  ammonia,  but  is  obtained  nearly  pure  by  mix- 
ing ethereal  solutions  of  ammonia  and  cyanic  acid  at  20°  ^,  and 
is  formed  in  solution  when  concentrated  solutions  of  potassium 
cyanate  and  ammonium  sulphate  are  mixed.  It  forms  a  friable 
mass,  easily  soluble  in  water  and  sparingly  soluble  in  absolute 
alcohol.  This  salt,  as  is  well  kiiown,  easily  undergoes  intra- 
molecular change,  forming  the  isomeric  urea,  CO(NH2)2  (Vol. 
I.,  p.  854). 

Ammonium  ThiocyaTiate,  NH^CNS,  is  formed  when  a  solution 
of  yellow  ammonium  sulphide,  which  contains  polysulphides,  is 
warmed  with  hydrocyanic  acid :  ^ 

(NHJ^S  +  HCN  +  S  =  NH.CNS  -t-  NH.HS. 

It  is  obtained  on  the  large  scale  by  this  reaction  from  the 
hydrocyanic  acid  present  in  crude  coal-gas  (Vol.  I.,  p.  875),  but 
in  the  laboratory  is  most  readily  prepared  by  mixing  together 
600  grams  95  per  cent,  alcohol,  800  grams  ammonia  (specific 
gravity  0-912),  and  350  to  400  grams  carbon  disulphide,  and 
allowing  to  stand  for  several  days,  then  distilling  off  a  portion  of 
the  liquid,  and  allowing  the  remainder  to  crystallise.*  Am- 
monium thiocarbonate,  (NHJgCSg,  is  first  formed  in  this  re- 
action, but  decomposes  on  heating  into  the  thiocyanate  and 
sulphuretted  hydrogen : 

(NH  J2CS3  =  NH.CNS  -f-  2H2S. 

It  is  very  readily  soluble  in  water  and  alcohol,  crystallising  out 
in  colourless  plates.  Its  solution  in  water  is  attended  with 
great  absorption  of  heat ;  thus  if  100  grams  of  the  salt  be  dis- 

•  Lanee,  Compt.  rend.,  1897,  124,  819. 

2  Walker  and  Wood,  Proc.  Chem.  Soc,  1898,  108;Journ.  Chem.  Soc,  1900, 
77,  21. 
^  Liebig,  Annalen,  1847,  61,  126. 

*  Schultz,  /.  pr.  Chem.,  1883  (2),  27,  518. 
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solved  in  an  equal  weight  of  water  at  17°,  the  temperature 
sinks  to  —12°  (Riidorff).  The  perfectly  dry  salt  melts  at  159° 
and  when  slowly  melted  is  partially  converted  into  the  isomeric 
thio-urea  CSCNH.)^!  (Vol.  I.,  p.  858). 

Ammonium  thiocyanate  is  always  found  amongst  the  products 
of  the  dry  distillation  of  organic  substances  containing  nitrogen 
and  sulphur,  and  is  therefore  always  present  in  gas  liquor.  Its 
formation  is  brought  about  partly  by  the  combination  of  the 
hydrocyanic  acid  in  this  gas  with  ammonium  polysulphide,  partly 
by  the  interaction  of  the  ammonia,  sulphuretted  hydrogen,  and 
carbon  disulphide,  in  the  manner  already  explained. 

HYDROXYLAMINE    SALTS. 

195  Hydroxylamine,  NHgOH,  the  preparation  of  which  has 
already  been  described  (Vol.  I.,  p.  521),  forms  salts  with  acids 
which  are  analogous  to  those  of  ammonia ;  the  most  important 
of  these  are  as  follows : 

Hydroxylamine  Hydrochloride,  NHgOHjHCl,  crystallises  from 
a  hot  alcoholic  solution  in  monoclinic  prisms  or  plates,  which 
are  very  soluble  in  water  but  less  so  in  alcohol.  When  heated 
it  decomposes  into  ammonium  chloride,  hydrochloric  acid,  water, 
and  nitrogen.  When  a  concentrated  solution  of  this  salt  is 
treated  with  an  alcoholic  solution  of  hydroxylamine,  it  yields 
the  salt  (NH20n)2HCl  as  a  crystalline  precipitate,  which  when 
mixed  with  concentrated  solutions  of  the  normal  salt  yields  large, 
well-formed  crystals  having  the  composition  (NH20II)32HC1, 
and  melting  at  95°  with  decomposition. 

Hydroxylamine  Hydriodide,  NH20H,HI,  forms  flat,  colour- 
less, very  hygroscopic  needles,^  which  are  obtained  by  evaporat- 
ing the  solution  in  vacuo  below  26°.  The  compounds 
(NH30)3HI  and  (NH30)2HI  are  also  known.'' 

Hydroxylamine  Sulphate,  (NH20H)2,H2S04,  crystallises  from 
aqueous  solution  in  large  monoclinic  prisms,  according  to 
Lang,  or  triclinic  prisms  according  to  Dathe,  and  is  precipitated 
in  needles  on  addition  of  alcohol  to  the  aqueous  solution. 

Hydroxylamine  Nitrate,  NH20H,HN03,  is  obtained  by  decom- 
posing a  solution  of  the  hydrochloride  with  silver  nitrate,  or  of 
the  sulphate  with  barium  nitrate.    On  evaporating  the  solution 

1  Reynolds  and  Werner,  Jmirn.   Ghem.  Soc,   1903,  83,  1;  Findlay,  ibid., 
1904,  85,  403. 
"  Wolffenstein  and  GroU,  Ber.,  1901,  34,  2417. 
*  Dunstan  and  Goulding,  Journ.  Ohem.  Soc  ,  1896,  69,  839. 
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over  sulphuric  acid  an  oily  liquid  remains,  which,  when  pure, 
forms  crystals  melting  at  48°,  and  readily  remains  in  super- 
fusion.  It  is  very  readily  soluble  in  water  and  alcohol,  and  its 
aqueous  solution  decomposes  on  the  water-bath  with  evolution 
of  nitrous  fumes. 


HYDRAZINE    SALTS. 

196  Hydrazine,  NgH^,  like  ammonia,  readily  combines  with 
acids  to  form  salts,  which  may  for  convenience  be  described 
here,  although  they  do  not  correspond  to  the  ammonium  salts 
and  those  of  the  alkalis,  hydrazine  being  a  di-acid  base.  The 
monacid  salts,  NjHj.X,  are  as  a  rule  much  more  stable  than 
the  di-acid  salts,  N2Hg:X2.  The  salts  are  for  the  most  part 
obtained  by  neutralising  hydrazine  hydrate  (Vol.  I.,  p.  516) 
with  the  acid  whose  salt  is  required,  and  evaporating  the  solu- 
tion to  the  point  of  crystallisation. 

Hydrazine  Dihydrochloride,  N2H^,2HC1,  crystallises  in  regular 
octahedra,  which  rapidly  attract  moisture  from  the  air.  It 
melts  at  198°,  losing  hydrogen  chloride  and  forming  the  mono- 
hydrochloride,  N2H^,HC1,  which  forms  long  needles  melting  at 
89°. 

Hydrazine  Bihydrobromide,!^! ^'ii^,2Ii'Br,  and  Hydrazine  Hydro- 
hromide,  N2H^,HBr,  are  very  similar  to  the  hydrochlorides,  and 
melt  at  195°  and  80°  respectively. 

Hydrazine  Dihydriodide,  N2H^,2HI,  can  only  be  obtained 
by  the  action  of  fuming  hydriodic  acid  on  benzalazine, 
CfiHg.CHiN.NiCH.CgHg,  and  is  a  very  hygroscopic  substance 
which  melts  at  220°,  and  becomes  brown  in  the  light.  The 
moiwhydriodide,  NgH^.HI,  is  formed  by  the  action  of  iodine  on 
an  alkaline  solution  of  hydrazine  hydrate : 

5N2H„H20  +  2\  =  4N2H„HI  +  SHp  +  N^. 

It  forms  long  colourless  prisms,  melts  at  127°,  and  explodes 
violently  at  a  higher  temperature. 

Trihydrazine  Dihydriodide,  3N3H:^,2HI.— This  salt  is  prepared 
by  the  addition  of  iodine  to  a  solution  of  hydrazine  hydrate  in  a 
little  alcohol  till  crystals  separate  in  quantity.  It  crystallises 
in  large  white  needles  melting  at  90°. 

Hydrazine  Nitrate,  N2H^,HN03,  crystallises  in  long  prisms, 
melts  at  69°,  and  explodes  when  quickly  heated.     The  di-acid 
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salt  is  very  unstable,^  and  decomposes  when  heated,  yielding 
azoimide,  ammonium  nitrate,  nitrogen,  nitric  acid,  and  water. 

Hydrazine  Sulphate,  N2H^,H2SO^. — The  method  of  preparation 
of  this  salt  has  been  already  mentioned  in  describing  the 
preparation  of  hydrazine  (Vol.  I.,  p.  514).  It  crystallises  in 
thick  lustrous  tablets  or  long  thin  prisms,  belonging  to  the 
rhombic  system,  and  is  sparingly  soluble  in  cold  but  readily 
soluble  in  hot  water,  and  insoluble  in  alcohol.  It  melts  at  254°, 
and  simultaneously  undergoes  decomposition,  yielding  hydrazine 
sulphite,  sulphur  dioxide,  sulphuretted  hydrogen,  and  sulphur. 

hydrazine     Nitride     or     Hydrazine     Azoimide,    N5H5     or 

NgH^.HNy  1 1 1  is  obtained  by  the  action  of  hydrazine  hydrate  on 

ammonium  azoimide,  or  azoimide  itself,  and  forms  large  vitreous 
prisms,  melting  at  65°,  which  deliquesce  in  the  air,  and  gradu- 
ally volatilise.  It  is  sparingly  soluble  in  alcohol,  from  which  it 
crystallises  in  lustrous  plates,  and  explodes  with  great  violence 
when  quickly  heated  or  touched  with  a  white-hot  wire.^  It 
bums  like  gun-cotton  when  a  light  is  applied  to  it. 

1  Sabanieflf,  Zeil.  anorg.  Ohem.,  1899,  20,  21. 

2  Curtius,  Ber.,  1891,  24,  3348. 
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Copper,  Cu.  Silver,  Ag.  Gold,  Au. 

197  The  metals  of  this  sub-group,  as  has  already  been  pointed 
out,  differ  very  considerably  from  the  other  metals  of  the 
same  group.  Like  the  alkali  metals,  they  form  a  series  of  char- 
acteristic salts  in  which  each  atom  of  the  metal  replaces  one  of 
hydrogen,  but,  except  in  the  case  of  silver,  other  series  of  salts 
are  known  which  are  more  stable  than  the  first-named  series. 
As  is  frequently  the  case  with  metals  having  very  high  atomic 
weights,  gold  differs  in  many  respects  from  the  elements  of  the 
same  sub-group  which  have  a  lower  atomic  weight,  and  also 
shows  considerable  resemblance  to  the  elements  having  nearly 
the  same  atomic  weight ;  thus  gold  resembles  platinum  .  and 
iridium  in  many  respects,  and  is  sometimes  classed  with  these 
metals. 

COPPER.     Cu  =  63-57 

198  Copper  of  all  the  metals  is  the  one  which  was  first  employed 
by  man.  This  is  explained  by  the  fact  that  copper  occurs  in  the 
native  condition,  and  thus  requires  no  metallurgical  treatment. 
In  the  Hebrew  Scriptures  copper  is  termed  NehdshetJi,  a  word 
derived  from  the  root  nahdsh,  to  glisten.  This  is  translated  by 
'KaXKo?  in  the  Septuagint,  and  this  again  by  Aes  in  the  Vulgate. 
By  both  of  the  latter  words  the  ancients  understood,  not  only 
copper,  but  brass  and  bronze.  Copper  was  afterwards  specially 
designated  as  aes  cyprmm,  or  simply  cyprmm,  a  name  which 
afterwards  became  cuprum. 


METALLURGY  OF  COPPER  399 

The  Latin  Geber  appears  to  have  noticed  that  copper  is 
easily  attacked  by  acid  liquids,  and  hence  it  was  termed  meretrix 
metallorum  by  the  alchemists.  Inasmuch  as  it  was  obtained 
from  Cyprus,  copper  was  considered  to  be  the  metal  specially 
sacred  to  Venus,  and  in  the  writings  of  the  alchemists  it  is 
generally  known  by  the  name  of  this  goddess  and  symbolised 
by  $ .  In  the  works  attributed  to  Basil  Valentine  we  find 
noted  the  power  possessed  by  iron  to  precipitate  metallic 
copper  from  solutions  of  its  salts.  In  his  Last  Testament  we 
read :  "  The  cement  or  ley  from  Schmolnitz  in  Hungary  eats 
iron  into  slime,  and  when  the  iron  mud  is  taken  out  of  the 
trough  it  is  found  to  be  good  $  (copper)."  In  his  Currus 
Triuinphalis  Antimonii  he  says,  "  From  iron  a  $  (copper)  can  be 
got  by  natural  means,  as,  for  instance,  by  an  acrid  ley  from 
Hungary  which  gives  to  it  (the  iron)  such  a  metallic  colour  that 
it  is  converted  into  the  best  copper." 

It  would  thus  appear  that  this  change  was  regarded  as  a 
transmutation  of  iron  into  copper,  and  Paracelsus  and  many 
other  chemists  seem  to  have  held  similar  views  with  respect  to 
this  reaction.  Wedel  in  1664  made  special  inquiry  into  the 
nature  of  the  wonderful  transmutation  of  iron  into  copper  by 
means  of  this  Hungarian  liquor;  and  so  late  as  1690  Stisser, 
who  was  professor  of  chemistry  in  Helmstedt,  believed  that  the 
formation  of  copper  precipitate  was  a  proof  of  the  possibility  of 
the  transmutation  of  metals. 

It  was  long  before  these  erroneous  views  concerning  this  pre- 
cipitation of  copper  were  corrected,  although  Van  Helmont 
rightly  surmised  that  the  copper  existed  in  the  solution  from 
which  it  was  precipitated  by  the  iron.  Boyle  first  proved  this  to 
be  the  case,  and  in  his  History  of  Fluidity  and  Firmness}  pub- 
lished in  the  year  1661,  he  describes  the  precipitation  of  copper 
from  its  solutions  by  metallic  zinc,  and  in  1675  in  his  Treatise 
on  the  Mechanical  Causes  of  Chemical  Precipitation,'^  explains  the 
action  of  iron  upon  copper  solutions  by  the  supposition  that  the 
solvent  permits  the  metal  to  be  precipitated  in  order  to  take  up 
the  precipitant. 

Copper  occurs  in  the  native  state  in  various  parts  of  the 
world,  especially  in  the  copper  region  of  Lake  Superior, 
where,  sometimes  in  enormous  masses,  it  occurs  in  veins  tra- 
versing red  sandstone  and  trap.  It  is  also  found  in  the  same 
condition  in  Cornwall,  the  Faroe  Islands,  Siberia,  and  the 
1  Op.  1,  p.  377.  '  Op.  4,  p.  329. 
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Urals,  and  in  many  localities  in  North  and  South  America. 
Native  copper  almost  invariably  contains  small  quantities  of 
silver  and  a  few  other  metals,  such  as  bismuth,  lead,  &c.  Cupric 
oxide,  CuO,  black  oxide  of  copper,  also  occurs  in  nature,  as 
tenorite  or  melaconite,  and  cuprous  oxide,  CujO,  occurs  in 
larger  quantities,  as  cuprite  or  red  copper  ore.  Many  copper 
salts  occur  native ;  of  these  the  most  important  are  malachite, 
CuC03.Cu(OH)2 ;  azurite  or  blue  carbonate  of  copper, 
2CuC03,Cu(OH)2.  Copper  also  occurs  widely  distributed  in 
combination  with  sulphur  as  vitreous  copper,  chalcocite,  or 
copper  glance,  CujS ;  covellite  or  indigo  copper,  CuS ;  copper 
pyrites,  or  chalcopyrite,  CuFeSj,  and  erubescite  or  purple  copper 
ore,  CugFeSg. 

Copper  is  found  in  the  animal  kingdom  in  the  blood  of  certain 
Crustacea  and  arthropoda  as  a  faintly-blue  compound  called 
hccniocyanin,  which  has  similar  oxygen-carrying  properties  to 
hajraoglobin,  the  compound  of  iron  contained  in  the  blood  of 
vertebrates,  whilst  the  livers  of  some  of  the  cephalopods  also 
contain  copper.^  This  element  also  forms  about  7  per  cent,  of 
the  red  pigment  turacin  which  occurs  in  the  feathers  of  birds  of 
certain  species.^ 

It  has  also  been  detected  in  small  quantities  in  plants  grown 
in  ordinary  soils,^  and  in  larger  quantities  when  the  plants  have 
been  grown  in  soils  containing  copper. 

199  Gopfer  Smelting. — The  methods  in  use  for  the  extraction 
of  copper  differ  considerably,  according  to  the  nature  of  the  ore 
from  which  the  metal  is  to  be  obtained.  Both  dry  and  wet  pro- 
cesses of  extraction  are  employed,  the  greater  quantity  of  the 
metal  being  obtained  by  the  former. 

Two  different  classes  of  dry  processes  are  successfully  at 
work ;  (1)  smelting  in  reverberatory  furnaces,  and  (2)  smelting 
in  blast  furnaces.  The  first  class  comprises  the  Welsh  or  English 
•process,  formerly  carried  out  in  the  Swansea  district  of  South 
Wales,  but  now  modified  in  many  directions,  and  also  the 
modern  method  of  smelting  in  reverberatory  furnaces  carried 
out  in  many  important  districts. 

In  the  old  Welsh  process,  a  mixture  of  copper  ores  was  usually 
employed,  consisting  of  copper  pyrites  and  copper  carbonates, 
mixed  with  iron  pyrites  containing  silicates  and  gangue,  mostly 

1  Henze,  Zeit.  physiol.  Chem.,  1901,  33,  417. 

2  Church,  Proc.  Boy.  Soc,  1893,  51,  399. 
»  MacDougal,  Sot.  Oaz.,  1899,  27,  68. 
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consisting   of  quartz.     To  obtain  the  pure  metal  six  distinct 
operations  were  required,  viz. : 

(1)  Calcining  the  mixed  ore. 

(2)  Preparing  "  coarse  metal." 

(3)  Calcining  the  "  coarse  metal." 

(4)  Preparing  "  fine  metal." 

(5)  Roasting  to  obtain  metallic  copper. 

(6)  Refining. 

The  calcination  of  the  crude  ores  was  generally  carried  out  in 
kilns  or  reverberatory  furnaces. 


H 


Fig   101. 


Fig.  102. 

Figs.  101, 102,  and  103  show  the  construction  of  the  ordinary 
calcining  furnace,  into  which  the  mixture  of  ore,  weighing  about 
three-and-a-half  tons,  was  introduced  from  the  trough  g. 

This  charge  was  then  spread  evenly  over  the  hearth  of  the 
furnace  by  means  of  long  iron  rakes  introduced  through  the 
working  doors,  of  which  there  were  three  on  each  side.     The  ore 
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was  stirred  from  time  to  time  to  expose  fresh  surfaces  to  the 
oxidising  action  of  the  air,  until  after  the  lapse  of  from  twelve 
to  twenty- four  hours,  sufficient  quantities  of  the  oxides  of  copper 
and  iron  were  formed.  The  roasted  charge  was  then  raked 
through  the  openings  (e  e.  Fig.  103),  into  the  arched  chambers 
(//,  Fig.  102).  The  result  of  this  operation  was  the  partial 
oxidation  of  the  sulphides  of  copper  and  iron,  with  the  formation 
of  the  corresponding  oxides,  and  the  conversion  of  any  copper 
carbonate  present  into  oxide. 

In  the  second  operation  the  roasted  ore  was  mixed  with  "  metal 
slag "  derived  from  the  "  fine  metal "  operation,  and  strongly 
heated  in  a  smelting  reverberatory  furnace,  Figs.  104  and  105, 
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which  had  a  much  larger  grate  area  in  proportion  to  the  size  of 
the  hearth  than  the  calcining  furnace,  as  it  was  desired  to  obtain 
a  fused  mass  or  reguhis  consisting  of  a  mixture  of  the  sulphides 
of  copper  and  iron,  termed  coarse  metal,  and  at  the  same  time,  a 
slag  consisting  of  a  silicate  of  iron  and  containing  little  or  no 
copper,  called  ore-furnace  slag.  The  temperature  needed  in  this 
smelting  operation  is  much  higher  than  that  required  in  the 
previous  operation,  and  the  chief  chemical  changes  which  go  on 
are  quite  simple.  The  copper  oxide  of  the  roasted  ore  reacts 
with  a  portion  of  the  sulphide  of  iron  with  formation  of  copper 
sulphide  and  oxide  of  iron,  this  latter  oxide  then  combining  with 
the  silica  present  to  form  a  fusible  slag  of  iron  silicate.     In 
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order  to  obtain  by  this  means  an  ore-furnace  slag  free  from 
copper,  it  is  found  that  the  mixture  of  ore  brought  into  the 
furnace  must  riot  contain  more  than  14  per  cent,  of  copper, 


Fig.  lO-t. 
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Fig.  105. 


whilst,  on  the  other  hand,  the  percentage  of  copper  ought  not 
to  be  below  9,  otherwise  the  consumption  of  fuel  becomes 
extravagant.  The  coarse  metal,  or  crude  copper  sulphide, 
usually  contains  about  35  per  cent,  of  copper.     The   slag  is 
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drawn  off,  and  the  fused  coarse  metal  is  run  out  through  the 
tap-hole  into  a  granulator,  into  sand  beds  or  into  iron  moulds. 

The  third  operation  consisted  of  the  calcination  of  the 
granulated  or  crushed  regulus  of  coarse  metal,  for  the  purpose 
of  oxidising  a  portion  of  the  sulphur,  leaving  only  sufficient  to 
combine  with  the  copper  present,  so  that  when  again  smelted, 
in  the  fourth  operation,  with  the  addition  of  roaster-slag, 
refinery-slag,  and  a  certain  proportion  of  oxidised  ores,  such-as 
the  carbonate  or  oxide,  a  nearly  pure  cuprous  sulphide,  CugS, 
called  white  metal  or  fim  metal,  and  containing  about  75  per 
cent,  of  copper,  is  obtained. 

If  the  amount  of  oxidised  ore  be  insufficient,  the  product  con- 
tains sulphide  of  iron  and  is  then  known  from  its  colour  as  "blue 
metal,"  whilst  if  an  excess  be  employed  some  of  the  copper  sul- 
phide is  reduced,  and  sulphur  dioxide  evolved ;  the  latter  in  its 
attempt  to  escape  gives  the  surface  a  pimply  appearance,  the 
product  being  therefore  known  as  "  pimple-metal." 

The  smelting  furnace  used  in  this  operation  was  identical  in 
construction  with  that  employed  in  the  first  fusion,  and  the' 
slags  formed  chiefly  consisted  of  iron  silicate,  but  contained 
some  quantity  of  copper,  and  were  termed  metal  slags  ;  these 
were  retreated,  as  has  been  stated,  in  the  first  smelting  process. 

The  fifth  operation,  consisting  of  the  roasting  of  white  metal 
to  metallic  copper  is  used  to  a  considerable  extent  in  present 
day  practice  and  for  this  purpose  the  pigs  were  formerly  and  are 
now  charged  into  a  reverberatory  furnace,  in  such  a  manner 
that  air  can  circulate  round  each  pig,  thus  subjecting  them  to 
a  slow  roasting  process.  In  this  way  the  oxide  formed  reacts 
with  the  unoxidised  sulphide  with  the  production  of  metallic 
copper  and  sulphur  dioxide  : 

2Cu20  +  Cu,S  =  6Cu-hS02. 

The  metal  thus  reduced  is  filled  with  cavities  and  covered  with 
blisters,  hence  it  is  termed  hlister-copper.  It  still  contains  from 
2  to  3  per  cent,  of  foreign  matter,  chiefly  consisting  of  sulphur, 
iron,  and  other  impurities.  In  cases  where  a  very  impure  ore 
has  to  be  dealt  with,  it  has  been  found  of  great  advantage  to 
replace  the  ordinary  silica  lining  of  the  roaster  furnaces,  and  also 
of  the  refinery  furnaces  employed  in  the  subsequent  process,  by 
a  basic  lining,  a  purer  product  and  much  less  slag  being  obtained, 
arsenic  especially  being  more  readily  eliminated.^ 
'  Gilchrist,  J.  Soc.  Chem.  lud.,  1891,  10,  4. 
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To  remove  the  above  2  to  3  per  cent,  of  impurities,  the  blister- 
copper  is  subjected  to  the  sixth,  or  refining  operation,  which  is 
also  used  at  the  present  time.  For  this  purpose  the  blister-copper 
is  again  fused  in  a  smelting-furnace  constructed  like  the  others, 
except  that  its  floor  is  inclined  towards  a  point  near  the 
door  and  near  the  chimney.  Upon  this  floor  a  charge  of  about 
eight  tons  of  blister-copper  is  brought,  and  the  slags  having  been 
removed  by  skimming  from  the  surface  of  the  molten  metal,  this 
is  well  stirred  up,  or  rahhled.  The  metal  in  this  condition  is 
termed  dry  cop;per.  In  this  state  it  is,  however,  unfit  for  use,  as 
it  contains  a  proportion  of  oxygen,  in  combination  as  cuprous 
oxide,  which  renders  it  brittle.  To  eliminate  this,  the  metal 
has  to  be  toughened.  This  is  effected  by  covering  the  surface  of 
the  molten  metal  with  a  thin  layer  of  anthracite,  and  plunging  a 
pole  of  wood  into  the  molten  metal.  Large  volumes  of  reducing 
gases  consisting  of  hydrocarbons  and  carbon  monoxide  are  thus 
evolved,  and  the  metal  boils  up  violently,  the  oxide  being 
effectually  reduced.  After  the  poled  metal  has  remained 
quiescent  for  a  few  minutes  a  sample  is  removed  by  the  refiner, 
cast  into  a  mould,  and  the  casting  cut  half  through  with  a  cold 
chisel  and  broken.  From  the  appearance  and  colour  of  the 
fractured  surface  an  experienced  eye  can  at  once  decide  whether 
the  copper  has  arrived  at  what  is  termed  the  tough-pitch,  in  which 
condition  it  contains  just  sufficient  oxygen  to  overcome  the 
injurious  effects  of  the  small  quantities  of  impurities  present. 
When  this  is  reached,  the  charge  must  be  withdrawn  firom  the 
furnace  as  rapidly  as  possible  and  cast  in  iron  moulds,  in  order 
to  prevent  a  second  oxidation  occurring.  Sometimes  the  molten 
metal  becomes  what  is  called  over-poled,  and  if  this  is  the  case 
the  metal  must  be  exposed  to  the  air  for  a  short  time  to  bring 
it  back  again  to  the  tough-pitch. 

Figs.  106  and  107  (p.  406)  show  the  construction  of  a  smelting 
furnace  with  a  gas-generator  (a)  fired  with  coal  which  is  filled 
from  the  shaft  (c).  The  air  necessary  for  the  combustion  of 
the  generated  gas  is  admitted  by  the  openings  (b  b),  whilst  that 
required  for  the  oxidation  of  the  charge  enters  by  the  openings 

(KK). 

The  subject  of  the  toughening  of  copper  and  of  the  removal 

of  the  non-metallic  impurities  contained  in  commercial  copper 

is  somewhat  complex,  and  has  received  much  attention  from 

metallurgists.     From  the  experiments  of  Abel^  it  appears  that 

1  Joum.  Chem.  Soc,  1864,  17,  164. 
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toughened  copper  always  contains  a  certain  amount  of  oxj'gen 
present  as  suboxide,  and  this  agrees  with  the  observation  of 
copper  smelters,  who  find  that  the  whole  charge  may  become 
over-poled  in  a  few  seconds,  this  being  explained  by  the  fact 
that  the  whole  of  the  oxygen  has  been  withdrawn.  According 
to  Hampe,^  on  the  other  hand,  the  phenomenon  of  the  over-poling 
of  copper  depends  partly  on  the  absorption  of  carbon  monoxide 
and  hydrocarbons,  and  especially  on  the  reduction  of  small  quan- 
tities of  lead  oxide  and  bismuth  oxide,  which  the  copper  conr 
tains,  so  that  if  these  bodies  be  not  present  no  over-poling  occurs^ 

This  method  of  copper  smelting  is  seldom  used  exactly  as 
described,  but  is  improved  by  the  use  of  one  or  more  of  the 
following  modifications. 

Large  mechanical  furnaces  are  often  used  for  the  calcination 
of  the  ore  and  coarse-  metal,  in  place  of  the  old-fashioned 
calcining  furnace.  In  some  cases  revolving  cylinders,  similar  in 
principle  to  the  Oxland  calciner  employed  in  roasting  tin  ores 
(see  Tin),  and  in  other  cases,  long-bedded  reverberatory 
furnaces  fitted  with  mechanical  rabbles,  such  as  the  O'Hara, 
are  used.  A  large  number  of  other  mechanically  worked 
calciners  have  also  been  designed  and  worked  with  success, 
such  as  the  Pearce  Turret  furnace,  the  Brown  Horseshoe, 
the  Merton,  the  Edwards,  the  MacDougal,  and  others. 

In  some  cases  also  it  is  the  practice  to  use  shaft-furnaces 
or  small  blast  furnaces  for  the  second  operation,  that  is  for  the 
smelting  of  the  roasted  ores  for  the  production  of  "  coarse  metal." 
This  effects  a  considerable  economy  in  labour  and  fuel.  In 
some  cases  also  shaft-furnaces  are  used  for  the  fourth  operation, 
the  production  of  "  white  metal." 

The  use  of  gas-fired  reverberatory  furnaces  for  the  refining 
operation,  having  regenerators  for  heating  the  gas  and  air 
necessary  has  also  been  introduced. 

In  modem  smelting,  reverberatory  furnaces  are  used  for  matte- 
smelting  of  finely-divided  ores  such  as  concentrates.  Before 
charging,  the  ore  is  partially  roasted,  generally  in  one  of  the 
types  of  mechanical  roasters,  and  during  the  smelting,  the 
remaining  sulpbur  unites  with  copper  and  iron  forming  the 
matte,  and  the  silica  of  the  gangue  unites  with  the  oxide  of  iron, 
lime,  and  alumina,  forming  a  fusible  slag.^ 

1  Chem.  OeTdr.,  1875,  378.  .      a  ■      rpi 

2  Full  information  concerning  copper  smelting  may  be  found  in  I  he 
Principles  of  Copper  Smelting,  by  Peters  (Hill  Publishing  Co.,  1907),  and 
The  Practice  of  Copper  Smelting,  by  Peters,  1911. 
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There  has  also  been  a  considerable  development  in  size  and 
method  of  working  smelting  reverberatories.  Furnaces  capable 
of  smelting  more  than  50  tons  per  24  hours,  with  hearths 
measuring  up  to  119  feet  in  length,  are  now  used  as  against  the 
furnaces  capable  of  smelting  only  12  tons  per  24  hours,  measur- 
ing 15  feet  in  length,  commonly  used  in  1880.  The  increase  in 
smelting  capacity  is  not  only  due  to  increase  in  size  of  furnace, 
but  to  certain  improvements  in  the  method  of  working,  such  as 
rapid  charging  of  the  hot  calcined  ore,  preheating  air  by  con- 
duction through  channels  in  the  brickwork,  rapid  skimming 
through  four  doors  simultaneously,  and  tapping  after  several 
charges  have  been  smelted,  thus  keeping  the  hearth  well 
covered  with  matte. 

Smelting  of  Copper  Ores  in  Blast  Furnaces. 

200  The  Mansfeld  Process  of  Copper  Smelting. — The  well-known 
cuprous  schist  or  "  kupferschiefer "  of  the  Germans  has  been 
worked  for  copper  for  a  long  time.  Agricola,  writing  in  the 
middle  of  the  sixteenth  century,  describes  the  methods  adopted 
in  his  time  near  Mansfeld  for  the  extraction  of  the  metal.  The 
first  operation  consists  in  the  roasting  of  the  schist  whereby  the 
bituminous  matter  is  burnt  off,  the  water  and  arsenic  expelled, 
and  a  portion  of  the  sulphur  removed. 

In  the  second  operation  the  roasted  ore  is  mixed  with  slag 
from  the  "  black  copper  "  operation,  and  smelted  in  blast  furnaces 
for  coarse  metal  and  a  clean  slag.  The  coarse  metal,  or  "  rohstein," 
is  next  re-roasted  and  smelted  for  fine  metal  or  "  spurstein." 

The  fine  metal  is  treated  by  the  Ziervogel  process  (see  Silver) 
for  the  extraction  of  the  silver  present,  and  the  remaining 
copper  oxide  is  smelted  in  a  blast  furnace  for  the  production  of 
black  copper  which  is  refined. 

Blast  furnaces  are  sometimes  employed  in  the  smelting  of 
oxidised  copper  ores,  the  charge  consisting  of  ore,  necessary 
fluxes,  and  coke  for  fuel.  The  products  are  blister  copper  which 
is  afterwards  refined,  and  slag  which  invariably  contains  from 
1'5  to  2"5  per  cent,  of  copper. 

Blast  furnaces  are  very  largely  used  in  the  smelting  of 
sulphide  copper  ores,  the  form  mostly  employed  being  water- 
jacketed  iron  furnaces.  One  of  the  types  of  furnace  employed 
is  that  of  Herreshoff,  a  sectional  elevation  of  which  is  shown  in 
Fig.  108,  and  a  sectional  plan  in  Fig.  109.     The  main  furnace 
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A,  has  an  elliptical  section  and  consists  of  a  double  casing  of 
iron,  A,  B,  c,  through  which  water  is  continually  circulated  ;  the 


Fig,  108. 


bottom  of  the  furnace,  E,  is  lined  with  fire-brick  or  fire-clay. 
The  roasted  ore,  mixed  with  coke  or  anthracite,  and  the  slag 


Fig.  109. 


from  a  later  process,  which  consists  chiefly  of  iron  silicate  with 
a  little  copper,  is  introduced  at  the  top  of  the  furnace,  the  air 
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being  forced  through  the  tuyeres  i  i.  The  products,  which 
consist  of  "  matte  "  (corresponding  to  the  "  coarse  metal  "  of  the 
Welsh  process)  and  slag,  accumulate  in  the  bottom  of  the 
furnace  and  then  overflow  continuously  into  the  "  fore-hearth," 
w,  the  end  elevation  of  which  is  shown  in  Fig.  110;  this  is 
frequently  mounted  on  wheels,  N  N,  for  convenience  of  moving. 
The  slag  then  flows  away  almost  continuously  from  the  opening 
M,  the  matte  being  run  off  by  the  tap-hole  O,  as  occasion 
requires.  This  matte  is  usually  reduced  to  metallic  copper  in  a 
"  converter,''  the  resulting  metal  being  refined  in  reverberatory 
furnaces  or  by  the  electrolytic'method. 

These  water-jacketed  blast  furnaces,  generally  rectangular  in 
form,  are  not  only  more  easily  constructed  than  the  ordinary 
brick  furnaces,  but  can  be  much  more  rapidly  heated  and  cooled, 


Fig.  110. 

the  blowing-in  of  the  furnace  and  its  cooling  down  for 
repairs  being  thus  greatly  facilitated.  The  manipulation  of  the 
furnace  during  the  smelting  is  also  rendered  much  simpler. 

During  recent  years  great  developments  have  taken  place  in 
the  sizes  of  water-jacketed  blast  furnaces  used  in  the  smelting 
of  copper .1  Up  to  the  year  1885  the  largest  furnaces  were  96 
inches  long  by  36  inches  wide,  and  up  to  1902,  the  largest 
furnaces  were  120  inches  by  42  inches.  In  1902  the  Anaconda 
Copper  Company  built  a  furnace  180  inches  by  56  inches,  and 
in  1904  the  same  company  joined  up  two  furnaces  including  a 
space  of  21  feet  between,  making  a  furnace  52  feet  in  length ; 
in  1905  this  furnace  was  joined  to  another  15  feet  furnace, 
including  a  space  of  21  feet,  making  a  furnace  87  feet  long. 

Pyritic  Smelting?— Ej  this  is  meant  the  smelting  of  sulphide 
ores  by  the  heat  generated  by  their  own  oxidation,  without 
1  See  Gowland,  Trans.  Inst.  Min.  and  Met,  1906-7,  265. 
'  Pyritic  Smelting,  Trans.  Inst,  of  Min.  arid  Met.,  1905-1906,  269. 
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the  aid  of  carbonaceous  fuel.  In  this  direction  great  progress 
has  been  made  in  recent  years.  This  process  is  applicable  to 
auriferous,  argentiferous,  and  cupriferous  pyrites,  and  its  object 
is  to  smelt  for  a  matte  in  which  the  gold,  silver,  or  copper  will 
be  concentrated. 

In  practice  it  is  found  advisable  to  add  a  small  quantity,  up  to 
5  per  cent.,  of  fuel  to  the  charge  forming  a  process  of  partial 
pyritic  smelting.  The  furnaces  most  suitable  are  large, 
rectangular,  water-jacketed  blast  furnaces  with  a  larger  number 
of  tuyeres  than  usual  for  ordinai-y  smelting. 

One  of  the  applications  of  this  method  is  to  smelt  a  mixture 
of  pyrites,  low  in  copper,  with  sili-ceous  material  carrying  gold 
and  silver;  most  of  the'  sylphur  and  iron  are  oxidised,  thus 
generating  the  heat,  and  leaving  ferrous  oxide  which  forms  a  slag 
with  the  silica.  The  unoxidised  sulphur  forms  a  matte  with  the 
copper  and  some  iron  and  this  matte  also  carries  practically  the 
whole  of  the  precious  metals.  The  treatment  of  this  matte  for 
the  recovery  of  copper,  gold,  and  silver  is  a  comparatively  easy 
matter  (see  Silver.) 

Application  of  the  Bessemer  Process  to  Copper  Smelting. — 
Mention  must  also  be  made  of  the  reduction  of  metallic  copper 
in  the  Bessemer  converter  by  the  Manhes  process.  The 
principle  involved  is  the  same  as  that  of  the  Bessemer  iron 
process,  viz.,  the  removal  of  the  foreign  substances  by  the 
passage  of  air  through  the  molten  mass,  but  in  the  manufacture 
of  steel  from  5  to  10  per  cent,  of  the  charge  only  has  to  be 
oxidised,  whereas  in  treating  a  25  per  cent,  copper  matte 
75  per  cent,  has  to  be  disposed  of 

The  operations  consist  in  charging  the  converter  with  the 
molten  matte,  blowing  air  to  concentrate  the  matte  up  to 
white-metal,  pouring  off  the  slag,  adding  more  matte  to  the 
converter,  blowing  to  metallic  copper  and  pouring  the  charge. 
During  the  blow,  the  sulphur  and  iron  become  oxidised,  the 
latter  combining  with  the  siliceous  lining  to  form  a  ferrous 
silicate 'slag. 

Thfe  converters  (Fig.  Ill)  are  similar  to  the  steel  converters, 
but  have  side  tuyeres  slightly  elevated  above  the  bottom  and  a 
lining  often  18  inches  thick.  A  lining  generally  lasts  only  from 
four  to  six  blows,  and  hence  this  is  an  expensive  item  in  convert- 
ing. In  some  works,  therefore,  a  siliceous  ore  containing  5  to 
10  per  cent,  of  copper  is  used  as  a  lining,  the  copper  bemg 
extracted  during  the  process  ;  thus  at  the  Detroit  copper  works 
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200  tons  of  such  an  ore  are  economically  smelted  every  month 
per  converter.^ 

In  order  to  obviate  the  necessity  of  constantly  renewing  the 
linings  of  these  converters,  basic  linings  have  been  introduced 
and  are  working  successfully'.  These  converters  are  lined  with 
magnesite  bricks,  and  after  a  small  charge  of  matte,  together 
with  the  siliceous  material  necessary  to  form  a  slag,  has  been 
blown,  it  is  poured.     The  slag  which  adheres  to  the  sides  of  the 


Fio.  111. 

converter  now  forms  a  suitable  medium  for  retaining  a  charge 
of  siliceous  material  which  is  necessary  for  the  reactions  and 
which  is  put  in  the  converter  previously  to  the  next  charge  of 
matte. 

A    converter    recently    installed    at    the    smelter    of    the 
Anaconda  Copper  Co.^  is  20  feet  in  diameter,  and  17  feet  high, 

*  See  Treatment  of  Copper  Mattes   in  the    Bessemer  Converter,    Trans. 
Ins/.  ofMin.  and  Me.t.,  1899-1900,  18,  2. 
2  Mining  and  Seitntific  Press,  1912,  222. 
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and  it  has  a  lining  of  magnesite  bricks  2^  feet  thick  on  the 
tuyere  side,  and  2  feet  thick  on  the  opposite  side.  There  are 
62  tuyeres  each  of  If  inches  diameter  and  the  air  consumption 
is  25,000  cubic  feet  per  minute.  The  total  weight  of  this 
converter,  filled  with  metal,  is  nearly  300  tons,  and  it  is  capable 
of  producing  50  tons  of  copper  each  pour. 

201  Wet  Copper  Extraction  Processes. — Upwards  of  half  a 
million  tons  of  iron  pyrites,  containing  on  an  average  3  per  cent, 
of  copper,  are  annually  burnt  in  the  sulphuric  acid  works  of 
this  country.  The  residual  oxide  of  iron,  known  as  burnt 
pyrites,  or  hlii^e  hilly,  is  too  poor  in  copper  to  render  it  possible 
to  apply  to  it  any  of  the  ordinary  dry -smelting  operations. 
Processes  for  accomplishing  this  end  have  been  proposed  by 
Longmaid  and  Henderson,  and  are  now  carried  out  on  a  large 
scale,  and  known  as  the  wet  copper  extraction  processes.     These 


Fig.  112. 


operations  depend  upon  the  fact  that  if  the  ground  burnt  ore 
be  mixed  with  from  12  to  15  per  cent,  of  coarsely  crushed  rock- 
salt,  and  the  mixture  properly  calcined,  the  whole  of  the 
copper  is  converted  into  a  soluble  cupric  chloride.  The  roasted 
mass  is  then  lixiviated,  and  the  copper  contained  in  solution 
thrown  down  as  metal  by  scrap-iron,  any  silver  contained  in  the 
solution  being  previously  precipitated  as  silver  iodide  by  the 
addition  of  potassium  or  zinc  iodide.  The  calcination  is  usually 
carried  on  in  long  furnaces  shown  in  Figs.  112, 113, 114,  and  115, 
the  mixture  of  ore  and  salt  being  introduced  through  hoppers 
placed  above  the  furnace  ;  the  temperature  is  kept  at  a  dull  red 
heat,  and  the  mass  is  frequently  stirred.  The  ordinary  furnace 
charge  is  3  tons  5  cwts.,  and  the  operation  lasts  about  six  hours- 
It  is  found  that  the  success  of  the  working  of  the  process 
depends   upon  the   relative   amounts   of  sulphur   and  copper 
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existing  in  the  ore,  the  sulphur  exceeding  the  copper  by  about 
0'5  per  cent.  If  the  proportion  of  sulphur  in  the  burnt  ore 
be  less  than  this,  a  sufficient  quantity  of  raw  pyrites  must  be 
added.  During  the  calcination  considerable  quantities  of 
chlorine  and  hydrochloric  acid  gases  are  evolved,  together  with 


c— 


Fie.  113. 

some  vapours  of  ferric  and  cupric  chlorides.  In  order  to 
prevent  these  noxious  vapours  from  passing  into  the  atmosphere, 
the  exit  flue  from  the  furnace  is  connected  with  a  wash-tower 
filled  with  open  brickwork,  down  which  a  current  of  water 
passes.     The  precipitate  of  metallic  copper,  thrown  down  from 
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Fig.  114. 


Fig.  115. 


the  liquors  by  scrap-iron,  contains  from  70  to  80  per  cent,  of 
copper,  and  it  is  either  smelted  direct  for  blister-copper,  or 
fused  with  the  fine  metal,  CuaS,  of  the  dry  process,  then 
roasted,  and  afterwards  worked  up  to  marketable  copper  by  the 
process  already  descibed. 

Another  extraction  process  is  that  of  Hunt  and  Douglas.^ 
1  Ewjinteriny,  1876,  22,  419. 
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According  to  this,  the  ores  containing  carbonates  or  oxides  are 
simply  heated,  whilst  those  containing  sulphides  must  be 
roasted,  as  it  is  necessary  for  the  copper  to  be  in  the  form  of 
cupric  oxide. 

The  ore  is  then  treated  with  a  solution  prepared  by  dis- 
solving 120  parts  of  common  salt,  or  112  parts  of  calcium 
chloride,  and  280  parts  of  ferrous  sulphate  in  1,000  parts  of 
water,  and  then  adding  200  parts  of  common  salt.  The  process 
depends  upon  the  fact  that  ferrous  chloride,  FeCl,,  is  thus 
formed,  which  in  contact  with  common  salt  converts  the  copper 
oxides  into  chlorides.  If  cuprous  oxide  be  present,  metallic 
copper  is  at  once  precipitated : 

SCu^O  +  2FeCl,  =  2Cu  +  4CuCl  +  Fep^. 

Cupric  oxide  is  decomposed  as  follows : 

3CuO  +  2FeCi2  =  2CuCl  +  CuCI^ + FeA- 

Cuprous  chloride,  although  insoluble  in  water,  is  held  in  solution 
in  the  presence  of  the  other  chlorides,  and  then  decomposed  by 
iron  together  with  the  cupric  chloride. 

The  advantage  of  this  process  lies  in  its  requiring  smaller 
,  quantities  of  iron  for  the  precipitation  of  the  copper,  since  part 
of  this  is  present  as  cuprous  chloride.  The  objections  are  the 
formation  of  basic  salts,  the  difficulty  of  separating  the  solution 
from  the  residue,  and  the  difficulty  of  recovering  any  silver 
present.  These  objections  have  led  to  the  adoption  of  a  new 
Hunt  and  Douglas  process,  in  which  the  copper  oxide  is  dissolved 
by  means  of  dilute  sulphuric  acid,  and  ferrous  or  calcium  chloride 
added  to  convert  the  copper  into  cupric  chloride,  sulphur 
dioxide  being  then  forced  through  to  precipitate  the  copper  as 
cuprous  chloride  ^ 

CuCla  +  CuSO,  +  SO2  +  2H2O  =  2CuCl  +  2H2SO,. 

The  cuprous  chloride  is  separated  and  treated  with  iron  for 
the  formation  of  metallic  copper,  or  with  milk  of  lime  for  the 
formation  of  cuprous  oxide,  which  is  smelted  with  carbon  for 
the  production  of  copper.  The  solution  from  the  cuprous 
chloride  precipitate  is  freed  from  sulphur  dioxide  by  blowing  in 
hot  air,  and  is  then  available  for  dissolving  a  further  quantity 
of  ore.  The  Kio  Tinto  process,  largely  employed  in  Spain, 
consists  in  preparing  heaps  of  about  100,000  tons  of  ore  in  such 
a  manner  that  air  circulates  through  the  material.     In  this  way 
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the  copper  is  oxidised  to  sulphate,  and  is  afterwards  leached  out 
with  water  and  precipitated  on  iron. 

Electrolytic  Refining  of  Copper. 

202  Copper  is  now  refined  on  the  large  scale  by  means  of 
electrolysis,  this  process  being  especially  applicable  in  the  case  of 
impure  copper  containing  silver  or  gold.  For  this  purpose  the 
copper  is  cast  into  slabs  in  which  whilst  still  molten  a  copper 
hook  is  inserted  to  serve  as  a  connection.  The  slabs  are  placed 
in  a  wooden  tank  lined  with  lead,  and  form  the  anodes,  thin 
sheets  of  pure  copper  being  employed  as  cathodes  ;  the  solution 
in  the  tank  consists  of  |  lb.  of  sulphuric  acid  and  2  lbs.  of 
crystallised  copper  sulphate  per  gallon. 

For  the  process  to  work  successfully  it  is  necessary  to  keep 
the  bath  acid  by  adding  sulphuric  acid  from  time  to  time,  and 
to  keep  up  the  copper  content  by  addition  of  copper  sulphate. 
It  is  also  necessary  to  keep  the  solution  in  the  tanks  in  active 
circulation.  Nearly  all  the  impurities,  including  silver,  gold, 
platinum,  tin,  arsenic,  antimony,  and  lead,  are  ultimately  found 
in  the  precipitate  or  slime,  which  is  deposited  at  the  bottom  of 
the  tank,  whilst  iron,  zinc,  nickel,  and  cobalt  remain  in  solution 
in  the  liquor.^  This  slime  is  usually  worked  up  for  the  precious 
metals  by  charging  it  into  a  bath  of  molten  lead  on  a  cupel,  or 
by  treatment  with  sulphuric  acid. 

Electbotyping  Process. 

203  The  electrolytic  method  is  employed  not  only  for  the 
refining  of  metallic  copper,  but  also  very  largely  for  obtaining  a 
coating  of  metallic  copper  on  any  suitable  object,  the  latter 
being  employed  as  the  cathode  in  a  bath  of  copper  sulphate 
solution,  the  anode  consisting  of  slabs  of  metallic  copper.  This 
industry  dates  back  much  further  than  that  of  the  electrolytic 
refining  of  copper ;  the  latter  being  in  reality  an  offspring  of 
the  electrotyping  jirocess. 

In  the  year  1836  De  la  Rue,  when  using  a  Daniell's  battery, 
observed  "  that  the  copper  plate  is  covered  with  a  coating  of 
metallic  copper -vrhich  is  continually  being  deposited;  and  so 
perfect  is  the  sheet  of  copper  thus  formed,  that  on  being  stripped 
off  it  has  the  counterpart  of  every  scratch  of  the  plate  on 
1  Kiliaiii,  Btrg.-  uud  HiitUii.  ZUj.,  1885,  219. 
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which  it  is  deposited."  ^  This  observation  was  followed  up  by 
other  physicists,  and  in  1839  Jacobi  of  St  Petersburg 
published  his  galvano-plastic  process,  "  a  method  of  converting 
any  line  however  fine,  engraved  on  copper,  into  a  relief  by 
galvanic  process,  applicable  to  copper-plate  engravings,  medals, 
stereotype  plates,  ornaments,  and  to  making  calico-printing 
blocks,  and  patterns  for  paper-hanging."  ^  In  the  same  year  T. 
Spencer  of  Liverpool  read  a  paper  on  the  "  Electrotype  Process  " 
to  the  Liverpool  Polytechnic  Society,  and  also  in  1839  J.  C. 
Jordan  published  results  of  experiments  made  with  the  same 
object.^ 

Electrotyping  in  copper  has  become  a  most  important  branch 
of  industry,  statues  and  other  works  of  art  being  largely  repro- 
duced in  this  way. 

For  the  purpose  of  reproducing  statues,  busts,  and  similar 
objects,  casts  of  the  original  in  gypsum  or  models  in  gutta- 
percha are  saturated  with  oil,  coated  with  graphite  to  give 
the  surface  the  necessary  conducting  power,  guiding  wires  con- 
nected to  various  parts  of  the  surface,  and  the  object  then  made 
the  cathode  in  a  bath  of  copper  sulphate  solution.  When  the 
coating  is  xV^h  of  an  inch  thick  the  process  is  stopped,  the  copper 
cut  through  in  several  places  and  the  plaster  core  extracted. 
The  inner  surface  of  the  various  parts  is  then  subjected  to  the 
action  of  sulphuretted  hydrogen  to  coat  it  with  a  thin  layer  of 
sulphide,  and  these  again  placed  in  the  copper  sulphate  bath  as 
the  cathode.  As  soon  as  the  deposit  on  the  interior  is  of  sufficient 
thickness  the  parts  are  removed,  the  thin  outer  shell  of  copper 
torn  off,  and  the  parts  then  joined  together. 

For  the  purpose  of  covering  iron,  an  alkaline  solution  of 
copper  cyanide  in  potassium  cyanide  is  employed.  On  dipping 
the  iron  or  steel  article  into  this  solution  a  thin  deposit  of 
copper  is  obtained,  and  upon  this  a  coating  of  silver  or  gold  can 
easily  be  deposited.  For  the  purpose  of  obtaining  a  thicker 
deposit  of  copper  on  iron,  the  operation  is  conducted  as 
described  and  the  object  then  placed  in  a  copper  sulphate 
depositing  bath.  The  solution,  according  to  Wilde's  process,  is 
maintained  in  a  constant  state  of  rotation,  and  the  iron  heated 
to  90°  before  it  is  placed  in  the  warm  solution  of  cyanide,  no 
hydrogen  then  being  liberated  on  the  copper,  so  that  the  latter 

1  PML  Mag.,  [3],  1836,  9,  484.  '^  Athaumm,  May  4,  1839. 

■^  For  a  detailed  account  of  these  discoveries,  see  Gore's  Art  of  Electro- 
Metallurgy. 
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adheres  more  closely  to  the  iron.  The  process  is  now  success- 
fully applied  to  the  economical  production  of  coppered  cast- 
iron  rollers  for  calico-printing.  When  a  new  pattern  is 
required  one-half  of  the  copper  is  turned  off  and  the  roller 
restored  to  its  original  thickness  by  electro-deposition  at  a 
small  cost.  The  maintenance  of  the  rollers  to  a  standard  size 
is  a  great  advantage. 

204  The  following  table  shows  the  amount  of  copper  produced 
in  1911,  by  the  chief  copper-producing  countries : 

Australasia 42,512  tons. 

Canada 25,570  „ 

Chili 33,088  „ 

Germany 22,363  „ 

Japan 52,303  „ 

Mexico 61,884  , 

Spain      52,880  „ 

United  States 491,634  „ 

782,234    „ 

205  Alloys  of  Copper. — Copper  unites  with  a  number  of  other 
metals  to  form  alloys,  many  of  which  are  of  great  technical 
importance.  Among  these  may  be  mentioned  brasses,  alloys  of 
copper  and  zinc,  bronze,  gun-metal  and  bell-metal,  which  are 
alloys  of  copper  and  tin,  and  German  silver,  which  is  an  alloy  of 
copper  and  nickel.  A  description  of  these  will  be  found  under 
the  metal  forming  the  second  constituent  of  the  alloy. 

206  Properties  of  Copper. — Commercial  copper  usually  con- 
tains traces  of  the  other  metals  which  are  present  in  the  ores,  and 
in  addition  to  these  not  infrequently  arsenic,  sulphur,  and  oxygen. 
Pure  metallic  copper  is  obtained  either  by  heating  the  pure 
oxide  in  hydrogen,  or  by  the  electrolysis  of  a  solution  of  pure 
copper  sulphate  by  means  of  platinum  electrodes. 

Copper  possesses  a  peculiar  red  colour,  and  bright  metallic 
lustre.  The  true  copper-red  colour  is,  however,  not  seen  by  a 
single  reflection,  and  is  only  observed  when  the  light  entering 
the  eye  has  been  many  times  reflected  from  the  surface  of  the 
copper.  This  is  well  seen  if  a  piece  of  straight  copper  foil  be 
bent  at  an  acute  angle  and  held  before  the  observer ;  the  fine 
deep  red  copper  colour  is  noticed  near  the  point  at  which  the 
two  copper  surfaces  approach. 

Copper  is  found  in  the  native  state  crystallised  in  regular 
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octahedra ;  crystals  of  the  same  form  are  also  found  as  an 
artificial  refinery  product.  If  a  piece  of  phosphorus  be  allowed 
to  remain  for  some  months  in  contact  with  a  clean  copper  wire 
under  a  solution  of  copper  sulphate,  single  octahedra  of 
metallic  copper  are  formed  together  with  copper  phosphide 
(Wohler),  and  a  similar  artificial  formation  of  crystalline  copper 
is  observed  in  Golding  Bird's"  decomposing  cell,^  as  well  as  in 
the  cells  of  Meidinger's  battery.  .  In  both  these  cases  the  metal 
is  deposited  from  solution  very  slowly. 

Copper  is  one  of  the  toughest  of  metals.  It  is  very  malleable, 
and  may  be  hammered  or  rolled  into  thin  leaf  (Dutch  metal),  or 
drawn  into  fine  wire.  After  hammering  it  possesses  a  finely 
fibrous  silky  fracture,  but  very  slight  admixture  of  other  metals 
makes  it  more  brittle,  and  imparts  to  it  a  less  distinctly  fibrous 
nature.  Native  copper  has  a  specific  gravity  of  8'94;  cast 
copper,  probably  because  it  always  contains  small  cavities, 
has  a  specific  gravity  of  8"92;  rolled  or  hammered  copper 
8'95  ;  and  pure  electrolytic  copper  8'945  (Hampe).  Copper 
which  has  been  distilled  in  a  vacuum  ^  has  the  specific  gravity 
at  2074°  of  8-933  and,  after  compression  at  10,000  atmospheres, 
of  8'938.  Very  thin  copper  leaf  transmits  a  greenish-blue  light. 
When  a  solution  of  copper  sulphate  is  allowed  to  remain  in  con- 
tact with  pure  zinc,  pure  metallic  copper  is  deposited  as  a  fine 
spongy  mass,  which  after  washing  and  drying  forms  a  soft, 
impalpable  dark-red  powder. 

Copper  melts  at  1084°-1  (Holborn  and  Day),=^  and  in  the 
molten  state  possesses  a  greenish-blue  colour.  When  heated  at 
a  temperature  just  below  that  of  its  melting  point,  copper 
becomes  so  brittle  that  it  can  be  pulverised  in  a  mortar- 
Molten  copper  possesses  the  power  of  absorbing  different  gases, 
which  are  evolved  in  the  form  of  bubbles  when  the  metal  cools, 
or  give  rise  to  the  peculiar  phenomenon  known  as  "  spitting," 
when  a  solid  crust  has  already  been  formed  on  the  surface. 
Spongy  copper  absorbs  at  a  red-heat  0'6  times  its  volume  of 
hydrogen,  whilst  copper  wire  absorbs  0-308  times  its  volume 
(Graham).  Copper  may  be  readily  volatilised  in  an  electric 
furnace,  and  condenses  in  the  form  of  iridescent  filaments 
having  a  red  colour  and  a  specific  gravity  of  8'16,*  the  vapour 
forming  cupric  oxide  in  contact  with  air. 

1  Phil  Trans.,  1837,  127,  37. 

2  Kahlbaum,  Roth,  and  Siedler,  Zeit.  anorg.  Chem.,  I9U2,  29,  177. 

5  Amer.  J.  Sci.,  1900,  10,  171.        ^  Moissan,  Compt.  raid.,  1905,  141,  853. 
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If  cupric  oxide  be  reduced  at  200°  by  means  of  hydrogen 
or  carbonic  oxide  an  active  form  of  the  metal  is  obtained 
which  takes  fire  when  brought  into  contact  with  bromine. 
The  active  properties  are  retained  when  the  metal  is 
kept  in  a  vacuum,  but  disappear  when  it  is  submitted  to 
hammering.^ 

Colloidal  Cop;per. — Copper  has  been  obtained  in  the  form  of 
colloidal  solutions  in  several  -ways.  Thus  the  reduction  of  a 
solution  of  copper  chloride  by  stannous  chloride  in  the  presence 
of  an  alkaline  tartrate  yields  a  reddish-brown  solution  of  copper,^ 
whilst  by  reducing  ammoniacal  copper  sulphate  with  a  dilute 
solution  of  hydrazine  hydrate  a  solution  of  copper  is  obtained 
which  is  blue  by  transmitted  light.^  It  has  also  been  prepared 
by  Paal  and  Leuze,*  by  adding  sodium  hydroxide  to  a  mixture  of 
solutions  of  copper  sulphate  and  sodium  lysalbate  or  protal- 
bate,  products  of  the  decomposition  of  albumin  by  sodium 
hydroxide,  dialysing  the  resulting  mixture  and  heating  on  the 
water-bath  with  the  addition  of  hydrazine  hydrate.  If  a  con- 
centrated solution  of  copper  oxide  is  reduced  in  this  manner 
the  resulting  copper  .solution  is  blue,  whilst  a  dilute  solution  of 
the  oxide  yields  a  red  copper  solution. 

When  alcohol  is  added  to  a  solution  of  anhydrous  copper 
sulphate  in  concentrated  sulphuric  acid,  so  as  to  form  a  separate 
upper  layer,  a  violet  zone  is  first  formed  between  the  two 
liquids  which  gradually  changes  to  brown  owing  to  the  pro- 
duction of  a  solution  of  colloidal  copper.^  Methyl  alcohol, 
ether,  acetone,  acetic  acid,  and  chloroform  act  in  a  similar 
manner. 

Colloidal  copper  has  also  been  obtained  by  passing  an  electric 
arc  under  water,  the  cathode  being  composed  of  an  iron  wire 
that  has  previously  been  dipped  in  copper  sulphate.* 

207  Metallic  copper  is  largely  used  for  a  great  variety  of 
technical  and  domestic  purposes,  being  especially  valuable  for 
its  toughness.  Next  to  silver,  copper  is  the  best  conductor  of 
electricity,  and  hence  pure  copper  is  very  largely  employed  for 

1  Colson,  Compt.  rend.,  1899,  128,  1458. 

^  Lottermoser,  Anorganische  CoUoide  (Stuttgart,  1901),  page  61. 

^  Rutbier  and  Hofmeier,  Zcil.  anor//.  Chem.,  1905,  44,  225. 

^  Ber.,  1906,  39,  1550. 

=  A.  Rassenfosse,  Bidl.  Acad.  roy.  Bdg.,  1910,  738.  Consult  Gnmdriss 
der  Kolloid  Chemie,  Wo.  Ostwald  (Dresden,  Steinkopff,  1911) ;  also  Physics 
and  Chemistry  of  Colloids,  by  Emil  Hatscliek,  (Churchill,  1913). 

8  Billitzer,  Ber.,  1902,  35,  1929. 
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electric  light  mains  and  submarine  telegraphs.  The  purest 
copper  must  be  employed,  as  very  small  quantities  of  impurities 
lower  the  conductivity  to  a  very  large  extent. 


COPPER  AND  OXYGEN. 

208  These  elements  form  six  compounds  as  follows : — 

Copper  quadrantoxide,  Cu^O. 

Copper  trientoxide  CugO. 

Cuprous  oxide,  Cu,0. 

Cupric  oxide,  CuO. 

Copper  peroxide,  CugOg. 

Copper  dioxide  or  cupric  peroxide,  CuOg. 

Of  these  oxides  the  third  and  fourth  have  long  been  known, 
as  they  are  formed  when  metallic  copper  is  heated  in  the  air. 
Copper  scale,  which  falls  from  hot  metallic  copper  when  it  is 
worked  with  the  hammer,  is  a  mixture  of  these  two  oxides.  The 
portion  of  the  scale  next  to  the  metal  consists  of  the  red 
cuprous  oxide,  while  the  outside  portion  is  composed  of  black 
cupric  oxide.  Dioscorides  and  Pliny  mention  the  existence  of 
the  red  compound,  indeed  they  distinguished  two  varieties,  the 
one  obtained  in  the  form  of  a  finely  divided  powder  by  pouring 
water  on  to  the  surface  of  freshly  melted  copper,  and  termed 
flos  aeris,  and  the  other  obtained  as  copper  scale  and  termed 
aeris  squama.  The  Latin  Geber  explained  the  calcination  of 
copper  by  the  combustion  of  the  sulphur  which  this  metal  was 
supposed  to  contain  (Vol.  I.,  p.  5),  and  many  later  chemists  speak 
of  copper  as  being  more  or  less  calxed.  It  was  not,  however, 
until  the  year  1798  that  Proust  distinctly  stated  that  the  black 
and  red  calces  of  copper  were  two  distinct  oxidation  products. 

They  have  the  composition  CujO  and  CuO  respectively,  and 
give  rise  to  characteristic  series  of  salts,  known  as  the  cuprous 
and  cupric  salts.  In  addition,  lower  oxides  of  the  formulae 
Cup  and  CugO,  and  peroxides,  CugOg  and  CuO^,  have  been 
prepared,  none  of  which  yield  salts.  Hydrated  mixed  oxides 
of  the  formulEe  Cu302,2H20  and  Cu,03,5H20  have  also  been 
described  by  Siewert.^ 

Cup>rous  Oxide,  Cup.— This  oxide  occurs  as  cuprite  or  red 
copper  ore,  crystallising  in  octahedra  and  in  other  forms  of  the 
1  Zeit.  Ghem.,  1866,  363. 
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regular  system  (Class  29,  p.  201)  having  a  specific  gravity  of 
5-75.  It  possesses  a  bright  red  or  brownish-red  colour, 
frequently  exhibiting  a  diamond  lustre,  and  also  occurs  in  the 
massive  state.  In  the  mineral  chalcotrichite  it  forms  a  hair-like 
mass  consisting  of  small  cubical  crystals  elongated  in  the 
direction  of  one  of  the  axes. 

Cuprous  oxide  may  be  artificially  obtained  by  heating  thick 
copper  wire  in  a  muffle  for  half  an  hour  at  a  white  heat,  and 
then  for  some  hours  to  dull  redness ;  small  dark  crystals  of  the 
oxide  then  cover  the  surface  of  the  metallic  bead.  It  is  also 
obtained  by  heating  cupric  oxide  in  a  similar  manner,  but  if  too 
strongly  heated  the  cuprous  oxide  loses  a  further  quantity  of 
oxygen.  The  finely-divided  copper  obtained  by  reducing  a 
copper  salt  in  hydrogen  at  as  low  a  temperature  as  possible 
combines  with  atmospheric  oxygen  on  exposure  to  the  air  with 
formation  of  cuprous  oxide.  It  may  be  obtained  in  the  wet 
way  by  reducing  an  alkaline  copper  solution  with  sugar,  the 
oxide  being  deposited  on  warming  as  a  bright  red  crystalline 
powder. 

Cuprous  oxide  is  also  formed  by  the  slow  oxidation  of  the 
metal  under  water.  Sage,  in  the  year  1773,  pointed  out  that 
the  remains  of  a  statue  which  had  long  lain  under  water  were 
partially  converted  into  this  oxide,  and  J.  Davy  observed  that 
an  antique  helmet,  found  in  the  sea  near  Corfu,  was  covered 
with  crystals  of  metallic  copper  as  well  as  of  cuprous  oxide.  It 
has  also  been  obtained  in  the  crystalline  state  by  the  slow 
electrolytic  decomposition  of  copper  sulphate.^ 

Commercial  cuprous  oxide  has  a  specific  gravity  of  from  5'34 
to  5'37,  and  the  more  finely  it  is  divided  the  finer  red  does  its 
colour  become.  It  fuses  at  a  red  heat,  and  colours  glass  red. 
This  latter  property  was  known  to  the  ancients,  and  in  the 
middle  ages  many  artificers  understood  the  art  of  producing 
the  red  copper  glass.  The  knowledge  of  this  process  was,  how- 
ever, completely  lost  in  later  times,  and  it  was  not  until  about 
the  year  1827  that  Bontemps  in  France  and  Engelhardt  in 
Germany  succeeded  in  reviving  the  manufacture  of  this  ancient 
red  glass. 

Cuprous  Hydroxide. — When  cuprous  chloride  is  decomposed 
by  potash  or  soda,  a  yellow  precipitate  is  produced,  which  was 
considered  to  be  a  partially  dehydrated  cuprous  hydroxide,  of 
the   formula  CusOgCOH)^  or  4Cu20,H20.     "When  the  method 

1  Golding  Bird,  Phil.  Trans.,  1837,  127,  37, 
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of  preparation  is  varied,  however,  the  amount  of  water  present 
in  the  dry  substance  also  varies,  and  it  is  therefore  probably  not 
a  true  hydroxide.^  The  same  yellow  compound  may  be  prepared 
electrolytically,  using  a  platinum  plate  as  cathode  and  one  of 
copper  as  anode  in  a  solution  of  potassium  chloride.^ 

It  absorbs  oxygen  readily  and  becomes  of  a  blue  colour  when 
exposed  to  moist  aii-.  It  dissolves  in  ammonia,  as  does  red 
cuprous  oxide,  forming  a  colourless  liquid  which  on  exposure  to 
the  air  quickly  oxidises  and  becomes  of  a  dark  blue  colour. 

Cuprous  oxide  corresponds  to  the  series  of  cuprous  salts 
in  which  each  atom  of  copper  replaces  only  one  atom  of  hydro- 
gen. These  are  mostly  white  salts  which  are  insoluble  in 
water,  and  readily  undergo  oxidation  with  formation  of  cupric 
salts. 

Cupric  Oxide,  CuO. — This  substance  occurs  as  tenorite  and 
melaconite,  as  a  dark  earthy  mass  or  in  bright  lustrous  laminae 
and  more  rarely  in  cubes.     It  can  be  artificially  produced  by 
the   gentle   ignition   of  the   nitrate,  carbonate,  or   hydroxide. 
Thus  obtained   it  is  a  black  hygroscopic  powder  which  com- 
mences to  decompose  when  heated  to  1025^  cakes  together  and 
then  fuses  at  about  the  melting  point  of  copper,  losing  oxygen 
and   forming   CugO   or  CujO   according   to    the  temperature. 
If  the  amorphous  oxide  be  ignited  with  five  times  its  weight  of 
caustic  potash  it  becomes  crystalline,  and  regular  tetrahedra 
possessing  a  metallic  lustre  are  formed  (Becquerel).     In  copper 
refineries  the  occurrence  of  a  crystalline  oxide  has  also  been 
observed.     It  is  reduced  by  carbon  at  700°.^      When  heated  in 
the  presence  of  hydrogen,  carbon  monoxide,  marsh-gas,  and  other 
carbon  compounds,  it  is  easily  reduced  to  the  metallic  state  with 
formation  of  water  and  carbon  dioxide,  and  hence  it  is  largely 
used  in  the  ultimate  analysis  of  organic  compounds.     Cupric 
oxide  when  brought  in  contact  with  fused  glass  imparts  to  it 
a  fine  light  green  colour ;  this  was  known  to  the  ancients  as 
well  as  to  the  later  alchemists,  who  rediscovered  the  fact  and 
found  that  artificial  emeralds  could  be  prepared  by  means  of 
copper.     The   writer    known    as    Basil   Valentine    says,   "the 
emerald   contains   sulphur   veneris,"    and   the   writers   of  the 
sixteenth   century  who   treat   of  the   artificial   production   of 
gems  all  mention  the  fact  that  copper  calx  colours  glass  green." 

1  Groger,  2eU.  anorg.  Ghem.,  1902,  31,  326. 

2  Lorenz,  ibid.,  1896, 12,  436, 

"  Doeltz  and  Graumann,  Metallurgie,  1907,  4,  420. 
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Cupric  Hydroxide,  Cu(0H)2,  is  obtained  as  a  light  blue  preci- 
pitate by  decomposing  a  solution  of  a  cupric  salt  in  the  cold 
with  an  alkali.  This  precipitate,  however,  almost  always  con- 
tains a  considerable  quantity  of  alkali,  and  the  hydroxide  is 
obtained  in  a  purer  state  by  adding  sal-ammoniac  to  the  solution 
before  precipitation,  and  then  washing  the  precipitate  well  with 
warm  water. 

It  may  also  be  obtained  by  passing  an  electric  current 
through  a  well-stirred  solution  of  potassium  nitrate,  using  a 
copper  plate  as  anode  and  one  of  platinum  as  cathode.^ 

The  hydroxide,  after  having  been  dried  over  lime,  does  not 
undergo  loss  of  water  on  heating  to  100',  but  the  freshly 
precipitated  compound  in  the  presence  of  water  undergoes 
spontaneous  dehydration,  slowly  in  the  cold,  very  rapidly  at  100°, 
with  formation  of  a  black  substance  ^  having  the  composition 
Cu^OaCOH)^  =  Cu(0H)2  -I-  3CuO.  This  compound  when  kept  in 
a  dry  vacuum  continues  to  lose  water  slowly,  until  its  com- 
position corresponds  to  the  formula  6CuO,  Cu(0H).3  (Sabatier). 
A  hydrated  cupric  oxide  of  the  composition  GCuOjH^O  has 
been  obtained  as  a  brown  powder  by  the  action  of  chlorine  on 
cupric  hydroxide  suspended  in  a  solution  of  potassium 
hydroxide.^ 

Cupric  hydroxide  dissolves  readily  in  aqueous  ammonia 
yielding  a  beautiful  dark  blue  liquid,  which  is  also  produced 
when  copper  is  allowed  to  remain  in  contact  with  aqueous 
ammonia,  and  the  liquid  exposed  to  the  air.  When  largely 
diluted  with  water  or  treated  with  strong  caustic  potash,  cupric 
hydroxide  separates  out  from  the  solution,  and  on  heating  this 
the  black  hydroxide  is  precipitated.  A  solution  of  copper 
oxide  in  ammonia  (Schweizer's  reagent)  possesses  the  property 
of  dissolving  cellulose  (cotton- wool,  linen,  filter-paper,  &c.).* 

The  above  oxide  and  hydroxide  yield  the  cupric  salts  on 
treatment  with  acids,  the  copper  acting  as  a  dyad.  Many  of  the 
salts  formed  with  colourless  acids  are  colourless  when  anhydrous, 
but  the  hydrated  salts  are  blue  or  green,  the  aqueous  solutions 
having  a  similar  colour ;  anhydrous  cupric  bromide  and  cupric 
chloride,  however,  are  coloured.  They  combine  with  ammonia 
forming  compounds  which  dissolve  in  water,  forming  deep  blue 

^  Lorenz,  Zeit.  anorg.  Chem.,  1896,  12,  436. 
^  Sabatier,  Oompt.  rend.,  1897,  125,  101,  301. 
'  Mawrow,  Zeit.  anorg.  Chem.,  1900,  23,  233. 
'  Schweizer,  J.  pr.  Chem.,  1857,  72,  109. 
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solutions.  The  soluble  salts  have  an  unpleasant  metallic 
taste  and  have  an  acid  reaction  to  litmus. 

In  large  doses  the  copper  salts  are  poisonous,  causing  vomiting, 
but  in  small  doses  they  have  very  little  action,  the  cases  of 
poisoning  formerly  supposed  to  have  taken  place  from  the 
presence  of  copper  in  food  being  probably  due  to  the  presence 
of  organic  decomposition  products.^ 

Both  cupric  hydroxide  and  the  black  hydroxide  form  basic 
salts  with  other  copper  salts,  and  double  basic  salts  with  many 
other  metals,^  while  basic  salts  are  also  known  corresponding  to 
the  hydroxide  6CuO,Cu(OH)2  (Sabatier). 

Copper  Quadrantoxide,  Cu^O,  is  formed  by  careful  addition  of 
a  solution  of  copper  sulphate  to  a  well  cooled  dilute  solution  of 
stannous  chloride  in  caustic  potash,  the  cupric  hydroxide  first 
formed  being  reduced  by  the  stannous  chloride  with  formation 
of  the  quadrantoxide  and  potassium  stannate :  ^ 

4Cu(OH)2  +  12K0H  +  SSnCl^  = 
Cu,0  +  6KC1  +  SKgSnOg + lOHp. 

Copper  quadrantoxide  is  an  olive-green  powder  which  undergoes 
no  change  under  water  if  the  air  be  completely  excluded. 
Exposed  to  air  it  rapidly  absorbs  oxygen.  The  composition  of 
this  compound  is  ascertained  from  the  action  of  dilute  hydro- 
chloric or  sulphuric  acid  upon  it,  when  the  following  decom- 
position takes  place : 

Cu,0  -t-  2HC1  =  2CuCl  +  2Cu  -1-  H^O 
Cu,0  +  H^SO, = CuSO,  +  3Cu  -1-  H^O. 

Copper  Trientoxide,  CugO,  is  prepared  by  heating  cupric  oxide 
at  temperatures  between  1,500°  and  2,000°,  and  forms  a 
yellowish-red  mass  sufficiently  hard  to  scratch  glass.  It  is 
unaffected  even  by  concentrated  mineral  acids  with  the 
exception  of  hydrofluoric  acid,  but  is  dissolved  by  fused  caustic 
potash.* 

Copper  Peroxide,  Cnf>^,  has  been  obtained  by  the  anodic 
oxidation  of  copper  in  12-14N  caustic  soda  solutions  with 
a  current   density  greater   than  01  ampere  per   sq.  cm.^     It 

1  Lehmann,  Trans.  Inter.  Conrj.  Hygiene,  and  Demography  (London),  1891, 
5  63. 
'2  Maihle,  Compt.  rend.,  1902, 134,  142;  Recoura,  ibid.,  1901,  132,  1414. 
3  Rose,  Pogg.  Ann.,  1861,  120,  1. 

*  Bailey  and  Hopkins,  Journ.  Chem.  Soc.,  1890,  57,  269. 
"^  E.  Miilleraud  F.  Spitzer,  Zeit.  Electrochem. ,  1907,  13,  25. 
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has  been  obtained  also  by  passing  chlorine  into  a  strong  solution 
of  sodium  hydroxide  previously  saturated  with  copper 
hydroxide.^  This  oxide  is  yellow,  is  very  unstable,  and  possesses 
marked  oxidising  power,  decomposing  hydrochloric  acid, 
forming  aldehyde  from  alcohol,  and  nitrite  from  ammonia. 

Confer  Dioxide,  CuOj.HgO,  is  best  obtained  by  allowing  finely 
divided  cupric  hydroxide  to  stand  with  aqueous  hydrogen  per- 
oxide in  the  cold  for  several  days,  the  mixture  being  frequently 
shaken.  A  crystalline  precipitate  is  thus  formed,  which,  after 
washing  with  water,  alcohol,  and  ether  at  0°,  is  dried  in  a  vacuum. 
It  has  a  yellowish-brown  colour,  and  when  moist  readily  decom- 
poses above  6° ;  when  dry  it  does  not  undergo  change  at  170° 
but  at  180°  decomposes,  forming  cupric  oxide.^ 


Cuprous  Compounds. 

209  Cuprous  Hydride  (CuH)„.— This  compound,  discovered  by 
Wurtz,^  is  deposited  as  a  yellow  or  reddish-brown  precipi- 
tate, when  a  solution  of  copper  sulphate  is  treated  with 
hypophosphorousacid  or  its  sodium  or  zinc  salt,  at  a  temperature 
not  exceeding  70°.  At  higher  temperatures  it  decomposes  into 
copper  and  hydrogen  according  to  Wurtz,  but  according  to 
Bartlett  and  Merrill*  cupric  hydride  and  hydrogen  are  really 
formed.  It  readily  ignites  in  chlorine  gas,  and  is  decomposed 
by  hydrochloric  acid  as  follows  : 

CuH  -t-HCl  =  CuCl  +  H^. 

Cuprous  Fluoride,  CuF,  is  best  obtained  by  heating  cuprous 
chloride  in  a  current  of  hydrogen  fluoride  at  1100°-1200°,  at 
which  temperature  the  fluoride  volatilises.  It  forms  a  ruby-red 
cr3'stalline  mass,  or  red  powder,  which  dissolves  in  boiling  hydro- 
chloric acid,  but,  unlike  cuprous  chloride,  is  not  reprecipitated 
by  addition  of  water.^ 

Cuprous  Chloride,  CuCl. — This  substance  was  first  obtained 
by  Boyle^  by  the  action  of  copper  on  mercuric  chloride. 
He  compared   the   substance   thus   obtained,  which  he  found 

1  E.  Miiller,  Zeit.  anorg.  Chem.,  1907,  54,  417. 

2  Kriiss,  £er.,  1884,  17,  2593.  »  Compt.  rend.,  1844,  18,  102. 
*  Amer.  Chem.  J.,  1895,  17,  185. 

"  Poulene,  Oompt.  rend.,  1893,  116,  1446. 

"  Considerations  and  Experiments  ahotit  the  Origin  of  Qualifies  and  Forms, 
1664. 
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turned  green  on  exposure  to  air,  to  resin  or  gum,  and  hence 
he  gave  to  it  the  name  of  resina  cupri  or  cuprum  gumma- 
iosum.  Proust  obtained  the  same  compound  by  the  action 
of  the  dichloride  on  the  salts  of  the  monoxide,  and  J.  Davy- 
showed  that  cuprous  chloride  is  formed  together  with  the 
cupric  salt  when  copper  foil  or  copper  filings  are  thrown  into 
chlorine  gas,  when  they  burn  with  the  evolution  of  a  red 
light.  If  hydrogen  chloride  be  passed  over  hot  copper  contained 
in  a  glass  tube  this  compound  is  formed,  and  is  seen  to  condense 
in  transparent  drops  (Wbhler).  It  may  readily  be  prepared  on 
a  large  scale  by  a  number  of  methods,  all  of  which  consist 
eventually  in  the  reduction  of  cupric  to  cuprous  chloride.  For 
this  purpose  a  mixture  of  copper  and  cupric  oxide  may  be 
boiled  with  strong  hydrochloric  acid,  or  a  hydrochloric  acid 
solution  of  cupric  chloride  with  copper;  the  metallic  copper 
may  be  replaced  by  zinc  dust  or  the  cupric  chloride  by  a 
mixture  of  cupric  sulphate  and  sodium  chloride,  and  the 
reduction  may  also  be  effected  by  sulphur  dioxide.  In  all  cases 
the  cuprous  chloride  remains  dissolved  in  the  excess  of  hydro- 
chloric acid,  but  separates  out  when  the  solution  is  poured  into 
a  large  bulk  of  water,  as  a  heavy  white  crystalline  precipitate, 
which  may  be  purified  by  washing.  It  crystallises  from  hot 
hydrochloric  acid  in  white  tetrahedra,  has  a  sp.  gr.  of  37,  and 
melts  at  about  434°,  solidifying  to  a  brown  mass. 

On  exposure  to  light  the  moist  substance  quickly  assumes  a 
dirty  violet  tint,  but  if  dried  in  absence  of  air  and  light,  it 
only  assumes  a  faint  yellow  colour  on  exposure.  When  allowed 
to  remain  in  moist  air  it  absorbs  oxygen  and  is  converted  into 
green  cupric  oxychloride,  3CuO,CuCl2,4H,p,i  whilst  repeated 
treatment  with  water  in  the  presence  of  air  converts  it  into 
cuprous  oxide  and  cupric  chloride.^  If  treated  with  water  in 
an  atmosphere  of  hydrogen  or  carbon  dioxide,  the  chlorine 
passes  completely  into  solution  and  a  red  residue  of  copper  and 
cuprous  oxide  is  obtained  (Groger). 

Cuprous  chloride  readily  dissolves  in  ammonia,  forming,  if 
air  be  completely  excluded,  a  colourless  solution  which  rapidly 
turns  blue  in  the  air  owing  to  the  absorption  of  oxygen  and 
formation  of  cupric  salts;  this  reaction  has  been  used  as  a 
means  of  estimating  the  dissolved  oxygen  in  water.^ 

^  Groger,  Zeit.  anorg.  Ohem.,  1901,  28,  154. 

2  Lean  and  Whatmough,  Jo^irn.  Chem.  Soc,  1898,  73,  149. 

3  Ramsay  and  Homfray,  /.  Soc.  Chem.  Ind.,  1901,  20,  1071. 
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Cuprous  Chloride  and  Carloii  Monoxide. — Cuprous  chloride 
dissolves  readily  in  hydrochloric  acid,  and  this  solution  as  well 
as  the  ammoniacal  solution  absorbs  carbon  monoxide,  forming 
an  unstable  compound  which  separates  out  in  nacreous  scales 
when  the  concentrated  solution  is  saturated  with  the  gas,  or 
when  a  thin  paste  of  cuprous  chloride  and  hydrochloric  acid 
is  saturated  with  carbon  monoxide  and  water  then  added.^ 
Under  certain  conditions,  a  crystallised  compound  corresponding 
to  2CuCl,CO,H20  is  obtained.2 

Cuprous  Chloride  and  Acetylene. — When  acetylene  is  passed 
into  a  solution  of  cuprous  chloride  in  potassium  chloride 
acidified  with  hydrochloric  acid  a  red  precipitate,  having  the 
composition  (CuCl)2,C2H2,  is  formed.  If  the  gas  is  passed  into  a 
neutral  solution  of  cuprous  chloride  in  potassium  chloride,  the 
precipitate  produced  has  the  composition  Cu2H2,(Cu01)2,Cu20 
or  C2H2[(CuCl)4KCl]2,  according  to  the  conditions  of  the 
experiment.^ 

The  solution  of  cuprous  chloride  in  ammonia  absorbs 
acetylene  forming  a  blood-red  precipitate  of  cuprous  acetylide, 
CU2C2  or  Cu2C2,H20,  which  is  very  explosive.*  On  addition  of 
acids  to  this  compound  it  is  decomposed  with  evolution  of 
acetylene,  and  has  been  used  as  a  means  of  comparing  pure 
acetylene  (Vol.  I.,  p.  784). 

In  a  similar  manner  ammoniacal  cuprous  chloride  absorbs 
other  hydrocarbons  of  the  acetylene  series. 

Cuprous  Bromide,  CuBr,  is  formed  with  ignition  when 
bromine  is  brought  into  contact  with  copper  heated  below  a 
red-heat.  It  forms  a  brownish  crystalline  mass  which  turns 
blue  on  exposure  to  sunlight,  and  has  a  specific  gravity  of  4'72. 

Cuprous  Iodide,  Cul. — This  is  the  only  known  iodide  of 
copper.  It  is  obtained  by  the  direct  combination  of  the  two 
elements  when  heated  together,  or  when  copper  is  dissolved  in 
a  hot  concentrated  solution  of  hydriodic  acid.  If  potassium 
iodide  be  added  to  a  solution  of  a  cupric  salt,  cuprous  iodide  is 
precipitated,  half  the  iodine  being  liberated.  The  produc- 
tion of  iodine  can  be  prevented  by  the  previous  addition  of 
sulphurous  acid  or  ferrous  sulphate : 

2CuS0, + 2FeS0,  -f  2KI  =  2CuI  +  Fe^(SO,), + KgSO,. 

1  Jones,  Amer.  Ohem.  J.,  1899,  22,  287. 

2  Bertholot,  Ann.  Ghim.  Phys.,  1901  [vii.],  23,  32. 
2  Chavastelon,  Oompt.  rend.,  1901,  132,  1489. 

^  Keiser,  Amer.  Chem.  J.,  1892,  14,  285,      See  also  Scheiber,  Ber.,  1908, 
41,  3816, 
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A  convenient  way  of  preparing  cuprous  iodide  is  to  heat 
copper  foil,  torn  into  shreds,  in  a  porcelain  crucible  and  to  add 
iodoform  in  small  quantities  at  a  time.  A  violent  reaction 
takes  place,  violet  clouds  of  iodine  are  evolved,  and  on  cooling, 
the  copper  is  covered  with  a  black  scale  which  readily  peels  off, 
leaving  a  clean  copper  surface.  This  black  scale  consists  of 
about  98  per  cent,  of  cuprous  iodide,  and  contains  a  little 
carbon  and  copper  oxide.^  The  copper  may  then  be  reheated 
with  iodoform  until  all  is  converted  into  the  iodide. 

Cuprous  iodide  is  a  white  crystalline  powder  which  undergoes 
little  alteration  on  exposure  to  light,  and  has  a  specific  gravity 
of  5-653  at  15°.^  It  melts  at  628°,  solidifying  again  to  form 
a  brown  mass,  which  yields  a  green  powder.  It  is  almost 
insoluble  in  water,  1  part  dissolving  in  233,000  of  water.  When 
cuprous  iodide  is  heated  with  cupric  chloride  (or  bromide)  it 
loses  all  its  iodine  and  is  converted  into  cuprous  chloride  (or 
bromide)  * : 

2CuI+2CuCl2  =  4CuCl+l2. 

Cuprous  Sulphide,  Cu^S,  -occurs  in  nature  as  chalcocite, 
copper-glance,  or  vitreous  copper,  in  rhombic  six-sided  tablets  or 
prisms  having  a  blackish  lead-grej;^  streak  and  a  metallic  lustre, 
which  is  often  tarnished  green  or  blue.  It  has  a  specific 
gravity  of  from  5'5  to  5'8.  The  same  compound  is  also  formed 
as  a  black  brittle  mass  when  copper  is  burnt  in  sulphur  vapour, 
and  when  large  quantities  of  copper  and  sulphur  are  fused 
together.  Mitscherlich  in  this  way  succeeded  in  obtaining  this 
compound  in  rhombic  octahedra.  It  is  also  formed  when 
cupric  sulphide  is  gently  heated  in  a  current  of  hydrogen. 

The  black  substance  left  when  copper  is  dissolved  in  sul- 
phuric acid  is  stated  to  be  cuprous  sulphide.* 

Cuprous  Sulphite,  CugSOg.HgO. — This  salt  is  obtained  by 
passing  sulphur  dioxide  into  a  hot  solution  of  cuprous  acetate  in 
acetic  acid,  and  separates  as  a  heavy  white  precipitate  consisting 
of  microscopic  nacreous  plates.  It  combines  with  the  alkali 
sulphites  forming  a  number  of  double  salts,  which  are  colourless 
crystalline  compounds.  The  double  salt  (NH^)2S03,2Cu2S03 
when  heated  yields  a  bright  red  powder  or  scales  of  cupro- 
cupric  sulphite,  Cu2SOg,CuS03,2H20.     A  red  modification   of 

^  Lean  and  Whatmough,  Journ.  Ghem.  Soc,  1898,  73,  149. 
2  Spring,  Sec.  Irav.  cUm.,  1901,  20,  79. 
•*  Barbieri,  Atti.  R.  Accad.  Lincei,  1907  [v.],  6,  i.,  528. 
•*  Adie,  Proc.  Chan.  Soc,  1899,  133. 
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cuprous  sulphite  has  also  been  described,  but  it  appears  not 
unlikely  that  this  is  also  a  cupro-cupric  salt. 

Cuprous  Sulphate,  CujSO^,  is  obtained  by  heating  powdered 
cuprous  oxide  with  methyl  sulphate  at  160°  until  methyl  ether 
ceases  to  be  evolved  : 

(GR^),SO, + Cup  =  Cu2S0,+ (CHg)^. 

The  salt  is  obtained  as  a  greyish -white  powder  which  should  be 
washed  in  ether,  excluding  air,  and  dried  in  a  vacuum.  When  dry, 
it  is  stable  in  dry  air,  but  is  immediately  decomposed  by  water 
with  the  development  of  heat  forming  cupric  sulphate  and 
copper.     It  oxidises  at  200°,  yielding  CuO,CuSO^.^ 

Cuprous  Nitride,  CugN. — Nitrogen  gas  does  not  act  upon  red- 
hot  copper,  but  ammonia  is  decomposed  into  its  elements  when 
passed  over  the  hot  metal,  the  copper  being  rendered  spongy 
and  brittle,  and  losing  its  metallic  lustre.  This  alteration  in  the 
metal  seems  to  point  to  the  formation  and  subsequent  decom- 
position of  a  nitride  which  is  only  stable  within  a  short  range 
of  temperature.^  The  nitride  may  be  obtained  by  heating 
pi'ecipitated  cuprous  oxide  in  a  current  of  ammonia  gas,  when 
a  dark  green  powder  is  formed  which  contains  93  per  cent. 
of  cuprous  nitride.^  When  potassamide  is  added  to  a  solution 
of  copper  nitrate  in  liquid  ammonia,  an  olive-green  precipitate 
is  produced.*  If  this  precipitate  be  heated  to  160°  in  a  vacuum, 
nitrogen  is  evolved,  and  cuprous  nitride  remains  as  a  black 
amorphous  mass.     The  reaction  is  represented  thus : 

SCuCNOg)^  +  6KNH2  =  CU3N  -t-  6KNO3  -f  4NH3  +  N. 

It  is  decomposed  into  its  elements  at  about  300°,  whilst  acids 
and  alkalis  hydrolyse  it  with  formation  of  ammonium  salts  or 
ammonia. 

Nitrocopper,  CujNOj,  is  obtained  as  a  maroon-coloured  powder 
by  passing  pure  and  dry  nitrogen  peroxide  over  finely  divided 
copper  (obtained  by  the  reduction  of  copper  oxide)  at  25 — 30°. 
It  decomposes  into  copper  and  nitrogen  peroxide  at  90°,  is 
violently  attacked  by  water  with  evolution  of  nitric  oxide  and 
formation  of  cupric  nitrite  and  nitrate,  and  when  placed  in 
ammonia  gas  becomes  incandescent,  with  formation  of  water, 

f  Reooura,  Compt.  rend.,  1909,148,  1105. 
■'  Beiiby  and  Henderson,  Joiini.  Cham.  Soc,  1901,  79,  1245. 
^  Guntz  and  Bassett,  BiiU.  Soc.  chim.,  1906  [3],  35,  201. 
*  E.  F.  Fitzgerald,  /.  Amer.  Ohem.  Soc,  1907,  29,  656. 
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ammonium  nitrate  and  nitrite,  copper  and  ammoniacal  copper 
oxide  remaining  behind.^ 

Copper  and  Phosphorus. — A  number  of  alloys  may  be  pre- 
pared by  heating  these  two  elements  together,  all  of  which 
melt  at  a  much  lower  temperature  than  pure  copper.^  In  this 
way  also  two  compounds,  cuprous  phosphide,  CujP,  and  a 
phosphide,  CugPg,  have  been  obtained  as  hard  grey  crystalline 
masses.*  Cuprous  phosphide  is  also  formed  when  phosphine  is 
passed  over  heated  cuprous  chloride  or  precipitated  copper  at 
180°  to  200°,  or  over  cold  moist  precipitated  cuprous  oxide, 
when  it  is  obtained  as  a  grey  amorphous  powder  which  oxidises 
in  oxygen,  very  slowly  at  ordinary  temperatures,  rapidly  and 
with  incandescence  at  100°,  forming  phosphorus  pentoxide  and 
copper.* 

A  black  powder  of  the  composition  Cu5P2,B[20  is  obtained 
when  phosphine  is  passed  into  a  solution  of  copper  sulphate  ^ 
(see  also  p.  438). 

Cuprous  Cyanide,  CuCN. — When  a  solution  of  potassium 
cyanide  is  added  to  a  solution  of  copper  sulphate  a  red  pre- 
cipitate of  cupric  cyanide  is  first  formed;  when  the  liquid  is 
boiled  cyanogen  gas  is  given  off  and  a  white  precipitate  of 
cuprous  cyanide  deposited.  This  same  compound  is  formed  by 
the  action  of  potassium  cyanide  on  cuprous  chloride,  and  dis- 
solves in  an  excess  of  the  reagent.  It  may  also  be  formed  by 
heating  copper  acetate  with  aqueous  ammonia  in  a  sealed  tube 
for  two  hours  at  180°,  when  a  colourless  liquid  is  obtained  con- 
taining in  suspension  finely  divided  copper  and  cuprous  cyanide 
in  crystalline  plates.^ 

Cuprous  cyanide  forms  a  number  of  double  compounds  with 
other  cyanides.'' 

Cuprous  Thiocyanate,  CuCNS. — Potassium  thiocyanate  gives 
a  black  precipitate  of  cupric  thiocyanate  when  added  to  a 
solution  of  copper  sulphate.  This  on  long  standing  and  washing 
is  converted  into  white  cuprous  thiocyanate.  If  a  reducing 
agent  such  as  ferrous  sulphate  or  sulphur  dioxide  be  present 

1  Sabatier  and  Senderens,  Compt.  rend.,  1892,  115,  236;  1893,  116,  756. 

2  Abel,  Jouni.  Ohem.  Soc,  1865,  18,  249. 

■•  Heyn  and  Bauer,  Chem.  Gentr.,  1906,  ii.,  1597;  see  also  Granger,  Ann. 
Chim.  Phys.,  1898,  [7],  14,  60;  Co?npt.  rend.,  1903,  136,  1397. 
*  Rubenovitch,  Compt.  rend.,  1899,  128,  1398. 
^  Ibid.,  121,  210. 

"  Vittenet,  Bidl.  Soc.  chim.,  1899,'  [3],  21,  261. 
'  Grossmann  and  van  der  Forst,  Zeit.  anorg,  Chem.,  1903,  43,  94. 
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the  white  compound  is  at  once  precipitated.  This  reaction  is 
often  employed  for  the  separation  of  copper  from  other  metals 
in  quantitative  analysis,  and  also  for  the  separation  of  thio- 
cyanates. 

CuPRiG  Compounds. 

210  Cupric  Hydride,  CuHj. — This  compound  is  obtained 
according  to  Bartlett  and  Merrill  ^  by  the  action  of  heat  on 
cuprous  hydride.  When  freshly  prepared  it  is  a  reddish-brown 
spongy  mass,  which  changes  after  a  time  to  a  chocolate  powder. 
It  acts  as  a  strong  reducing  agent,  converting  potassium 
chlorate  in  solution  into  the  chloride,  and  the  nitrate  to  nitrite 
and  ammonia. 

Gupric  Fluoride,  CuF^. — When  cupric  oxide  is  dissolved  in 
hydrofluoric  acid  and  the  solution  evaporated,  blue  crystals 
having  the  composition  CuF2,5H20,5HF  separate  out.^  They 
are  sparingly  soluble  in  water,  and  are  decomposed  at  100° 
with  separation  of  the  oxyfluoride,  CuF(OH).  When  heated 
with  ammonium  fluoride  in  a  current  of  carbon  dioxide,  the 
crystals  yield  the  anhydrous  fluoride  as  a  white  amorphous 
powder,  which  becomes  crystalline  at  500°  in  an  atmosphere 
of  hydrogen  fluoride.^ 

Cupric  Chloride,  CuClj,  is  formed  when  metallic  copper  is 
burnt  in  an  excess  of  chlorine,  or  when  the  hydrated  crystalline 
chloride  is  heated.  The  anhydrous  salt  may  be  prepared  by 
adding  a  large  excess  of  concentrated  sulphuric  acid  very 
slowly  to  a  solution  of  cupric  chloride,  care  being  taken  that  the 
temperature  does  not  rise  sufficiently  high  to  decompose  the 
chloride,  when  it  separates  out  as  a  yellow  precipitate.*  Cupric 
chloride  prepared  from  copper  is  a  dark  liver-coloured  powder 
which  on  heating  is  converted  into  cuprous  chloride  with 
loss  of  chlorine.  It  readily  dissolves  in  water,  forming  a 
green  liquid;  this  is  obtained  also  by  dissolving  the  oxide 
or  carbonate  in  hydrochloric  acid.  Greenish-blue  rhombic 
prisms  or  needles  having  the  composition  CuCl2,2H20  separate 
out  on  evaporation. 

The  solution  saturated  at  17°  contains  75'6  parts  of  the 
anhydrous   salt   in   100  of  water,  and   has  an  emerald-green 

1  Amer.  Chem.  J.,  1893,  17,  185. 
-  Bijhm,  Zeit.  anorrj.  Chem.,  1905,  43,  ,326. 
■*  Pouleno,  Gompl.  rend. ,  1893,  116,  1446. 
^  Viard,  Compt.  rend.,  1902,  135,  168. 


BASIC  CUPRIC  CHLORIDE  OR  COPPER  OXYCHLORIDE    433 

colour,  which  on  dilution  with  water  changes  to  bluish-green. 
It  is  very  deliquescent  and  is  soluble  in  alcohol,  the  solution 
burning  with  a  fine  green  flame  and  giving  a  characteristic 
channelled-space  spectrum. 

Basic  Gujpric  Chloride,  or  Copper  Oxychloride,  CU3O2CI2, 
4H2O  =  2CuO,  CuCl2,4H20. — This  compound  forms  a  pale  blue 
precipitate  when  caustic  potash  is  added  to  an  excess  of  a 
solution  of  cupric  chloride.  When  it  is  heated  it  loses  water 
and  is  converted  into  a  brown  or  blackish  powder,  and  when 
moistened,  this  takes  up  three  molecules  of  water,  and  changes 
p.gain  to  a  green  colour. 

When  a  solution  of  cupric  chloride  is  mixed  with  cupric 
hydroxide,  or  when  caustic  potash  is  added  to  the  solution  of 
the  former  salt  in  quantity  insufficient  to  ensure  complete  pre- 
cipitation, a  compound  having  the  composition  Cu^03Cl2,4H20 
is  thrown  down.  This  substance  occurs  native  in  the  form  of 
a  green  sand  composed  of  small  rhombic  prisms  found  at 
Atacama,  as  well  as  in  Peru,  Bolivia,  and  other  places,  and 
hence  termed  atacamite.  According  to  Field,  this  mineral  is 
at  the  present  day  being  formed  on  the  south  coast  of  Chili 
by  the  action  of  sea-water  on  copper  pyrites.  The  same  com- 
pound may  be  artificially  obtained  in  the  crystalline  state  by 
heating  common  salt  with  an  ammoniacal  solution  of  copper 
sulphate  to  100°  (Debray),  the  decomposition  being : 

6NH3  -1-  4CuS0,  +  2NaCl  4-  3H2O  =  SCNHJaSO,  -t- 
Cu,03Cl2+Na,SO,. 

This  compound  is  also  formed  when  a  solution  of  copper 
sulphate  is  boiled  with  a  small  quantity  of  bleaching  powder 
solution ;  the  product  obtained  occurs  in  commerce  as  a  light, 
bright  green  powder,  used  in  the  arts  as  a  pigment,  and  known 
under  the  name  of  Brunswick  green.  On  heating  it  loses  water 
and  becomes  black,  but  regains  the  green  colour  on  moistening. 
Other  oxychlorides  of  copper  also  are  known,  some  being 
minerals  and  others  artificial  products.  Cupric  chloride 
also  unites  with  other  chlorides  forming  crystalline  double  salts. 

Cupric  Bromide,  CuBr2. — When  cupric  oxide  is  dissolved  in 
hydrobromic  acid  and  the  solution  allowed  to  stand  in  a  vacuum 
over  sulphuric  acid,  the  anhydrous  bromide  separates  out  in 
dark^  crystals  very  similar  to  those  of  iodine.  These  are  very 
deliquescent,  and  on  heating  in  absence  of  air  decompose  into 
cuprous  bromide  and  bromine. 
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Oiipric  Sulphide,  CuS,  occurs  in  nature  as  covellite  or  indigo- 
copper,  occurring  sometimes  in  hexagonal  crystals  but  more 
frequently  in  the  massive  state  as  at  Mansfeld,  on  Vesuvian  lavas, 
and  in  Chili.  It  has  a  semi-metallic  lustre  and  an  indigo-blue 
colour,  and  a  specific  gravity  of  4"6. 

This  compound  is  prepared  artificially  by  heating  cuprous 
sulphide  with  flowers  of  sulphur  to  a  temperature  not  above 
that  of  boiling  sulphur  (Hittorf).  It  may  also  be  prepared  by 
triturating  finely-powdered  cuprous  sulphide  in  a  mortar  with 
cold  strong  nitric  acid  until  the  action  ceases;  the  powder  is 
then  washed,  cupric  sulphide  remaining  behind.^  It  may  like- 
wise be  obtained  as  a  blackish-brown  precipitate  by  passing 
a  current  of  sulphuretted  hydrogen  gas  into  a  solution  of  a 
cupric  salt.  The  finely-divided  moist  precipitate  easily  oxidises 
on  exposure  to  the  air.  When  cupric  sulphide  is  gently  heated 
in  absence  of  air  or  in  a  current  of  hydrogen,  it  decomposes  into 
sulphur  and  cuprous  sulphide,  and  this  method  is  often  used 
for  the  estimation  of  the  metal  (Rose). 

Several  poly  sulphides  of  copper  have  been  described'  having 
the  formulae  CugSj,^  CugSg,  Cu^Sg  and  CugSg.^  These  are  all 
unstable  bodies,  which,  on  keeping,  slowly  decompose  into  cupric 
sulphide  and  sulphur. 

Cupric  Sulphate,  CuSO^. — This  salt,  commonly  termed 
copper  sulphate,  copper  vitriol,  or  blue  vitriol,  has  long  been 
known,  being  found  in  solution  in  the  drainage  water  of  copper 
mines.  It  was  for  a  long  time  confounded  with  green  vitriol  or 
iron  sulphate,  this  being  partially  due  to  the  fact  that  both 
frequently  occur  in  the  same  drainage  water,  and  are  capable 
of  crystallising  together.  In  the  works  attributed  to  Basil 
Valentine  the  fact  is  recognised  that  both  iron  and  copper 
vitriol  can  occur  together,  for  he  says :  "  Venus  and  Mars  can  be 
brought  back  into  a  virtuous  vitriol."  The  alchemists  frequently 
experimented  on  such  mixed  vitriols,  as  they  believed  that  they 
contained  the  materia  prima  employed  for  the  preparation  of 
the  philosopher's  stone.  Thus,  in  the  above-mentioned  work  we 
read,  "  where  copper  and  iron  are  found  together  gold  will  not 
be  far  distant." 

The  artificial  production  of  copper  sulphate  is  first  described 
by  Van  Helmont  in  1644,  who  obtained  it  by  heating  together 

^  Faraday,  Quart.  Jour.  Sci.,  21,  183. 
=  Bodroux,  Compt.  rend.,  1900,  130,  1397. 
^  Rossing,  Zeit.  anorg.  Chem.,  1900,  25,  407. 
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copper  and  sulphur,  and  moistening  the  residue  with  rain-water. 
Glauber  in  1648  proved  that  it  might  be  readily  obtained  by 
boiling  copper  with  oil  of  vitriol. 

Copper  sulphate  is  obtained  on  the  large  scale  chiefly  from 
copper  pyrites,  which  is  carefully  roasted,  the  copper  under 
suitable  conditions  being  oxidised  to  copper  sulphate,  whilst 
the  iron"  is  chiefly  converted  into  oxide.  The  residue  is  lixivi- 
ated and  the  copper  sulphate  separated  from  the  solution  by 
crystallisation.  The  mother-liquors  contain  both  copper  and  iron 
sulphates,  from  which  the  copper  may  be  precipitated  by  scrap 
iron.  For  agricultural  use  the  presence  of  iron  in  the  copper  sul- 
phate is  not  injurious,  and  for  sulphate  intended  for  this  purpose 
the  mother-liquor  may  be  directly  evaporated.  The  precipitated 
copper,  as'well  as  copper  scale  and  metallic  copper  obtained  by 
other  processes  or  as  scrap,  is  roasted  in  reverberatory  furnaces, 
and  the  product  is  treated  with  dilute  sulphuric  acid.  If  the 
copper  contains  gold  or  silver  it  is  treated  with  sulphuric  acid 
mixed  with  its  own  volume  of  water,  the  silver  and  gold  being 
left  undissolved. 

Where  argentiferous  copper  ores  are  used,  the  roasted  ore  is 
added  in  small  quantities  to  sulphuric  acid  and  digested  until 
the  solution  contains  but  little  free  acid.  Lead  and  gold  remain 
behind  as  an  insoluble  powder,  and  the  clear  liquor  is  run  into 
wooden  tanks  lined  with  lead,  and  containing  strips  of  copper 
on  which  the  whole  of  the  silver  and  part  of  the  arsenic  and 
antimony  are  deposited,  whilst  the  greater  portion  of  the  bis- 
muth separates  as  a  basic  sulphate.  The  copper  sulphate  solu- 
tion, thus  freed  from  other  metals,  is  then  crystallised  in  large 
lead-lined  coolers,  the  crystals  being  deposited  on  strips  of  lead 
hung  up  in  the  liquid. 

The  commercial  sulphate  always  contains  small  quantities  of 
iron ;  this  may  be  removed  by  boiling  the  solution  with  a 
little  nitric  acid,  the  ferrous  sulphate  being  thus  converted 
into  ferric  sulphate,  which  remains  in  the  mother-liquor  on 
recrystallisation. 

Cupric  sulphate  is  also  obtained  as  a  secondary  product  in 
the  refining  of  silver ;  the  silver  is  precipitated  from  a  solution 
of  the  sulphate  in  the  metallic  form  by  strips  of  copper,  and 
pure  cupric  sulphate  remains  behind. 

Copper  sulphate  crystallises  from  warm  saturated  solu- 
tions on  cooling  in  transparent  blue  triclinic  crystals 
having   the   formula   CuSO^.SHgO,  and   a   specific   gravity  of 
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2-28.      100   parts   of  water   dissolve,    according   to   Poggiale, 
as  follows  : 

At  10°  20°  30°         50°  70°  90°  100° 

CuSO^.SHgO   36-95   42-31   48-81    65-83   94-60   156-44  203-32. 

The  salt  is  insoluble  in  absolute  alcohol,  and  only  slightly 
soluble  in  dilute  spirits.  When  it  is  heated  for  some  time  to 
100°,  the  hydrate  CuS04,H20  remains  as  a  bluish-white 
powder,  which  at  a  temperature  of  from  220°  to  260°  loses 
nearly  all  its  water.  Even  at  360°,  however,  a  small  amount 
of  water  (0-04  per  cent.)  is  retained;  this  is  lost  only  at  a 
temperature  at  which  the  salt  begins  to  lose  sulphur  trioxide 
(Richards).  The  residue  at  260°  forms  a  white  mass  which  is 
extremely  hygroscopic,  becoming  blue  on  absorption  of  water. 
This  reaction  is  sometimes  used  for  the  purpose  of  ascertaining 
the  presence  of  water  in  organic  liquids,  and  also  for  de- 
hydrating the  same.  The  anhydrous  compound  may  be  obtained 
in  the  form  of  grey  prismatic  needles  by  heating  the  h}'drated 
sulphate  with  ammonium  sulphate  out  of  contact  with  the 
flame  gases.^ 

The  anhydrous  salt  is  stable  up  to  341°,  but  above  this 
temperature,  evolution  of  sulphur  dioxide  begins.^  Between 
841°  and  621°  small  quantities  of  a  brown  oxy-salt,  8CuO,3S03, 
are  formed.  Between  621°  and  670°  sulphur  dioxide  and  sulphur 
trioxide  are  evolved  and  an  orange-coloured  oxy-salt,  2CuO,S03, 
is  formed.  This  orange-coloured  salt  begins  to  decompose 
at  704°,  the  decomposition  being  incomplete  at  850°. 

The  anhydrous  as  well  as  the  hydrated  sulphate  absorbs  two 
molecules  of  hydrogen  chloride  with  evolution  of  heat  and 
formation  of  cupric  chloride  and  sulphuric  acid.  The  same 
decomposition  takes  place  when  copper  sulphate  is  treated  with 
an  excess  of  aqueous  hydrochloric  acid ;  the  temperature  falls 
and  the  salts  dissolve  with  formation  of  a  green  liquid  which  on 
concentration  yields  crystals  of  cupric  chloride.  This  reaction  of 
copper  sulphate  is  employed  for  separating  hydrochloric  acid 
from  mixtures  of  gases,  as,  for  instance,  from  chlorine,  or  from  car- 
bon dioxide  which  has  been  prepared  by  means  of  hydrochloric 
acid.  Copper  sulphate  is  largely  used  in  calico-printing,  and  in 
the  preparation  of  the  pigments  of  copper,  as  Scheele's  green 
and  emerald  green.     It  is  also  used  in  very  large  quantity  in  the 

'  Klobb,  Compt.  mid.,  1892,  114,  836. 

2  W.  Uanjukoff,  /.  Eusa.  Phyis.  Chtm.  Soc,  1909,  41,  688. 
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processes  of  electro-metallurgy.  A  crude  copper  sulphate  con- 
taining ferrous  sulphate  is  used  in  agriculture  for  preventing 
"  smut  "  in  seeds. 

Hydrates  containing  2H2O  and  SHjO  are  also  known  in 
addition  to  those  described  above,  and  copper  also  forms 
a  series  of  basic  sulphates.  When  the  normal  sulphate  is 
kept  for  several  hours  at  a  dark-red  heat,  an  amorphous 
orange-yellow  powder  remains  behind  having  the  composition 

0— Cu. 
S0.,(  /O,  which  is  decomposed  in  contact  with  cold 

^\0-Cu/ 
water  into  copper  sulphate  and  an  insoluble  green  basic 
sulphate,  CuSO^,3Cu(OH)2.  By  the  action  of  boiling  water  a 
salt  having  the  composition  CuS04,2Cu(OH)2  is  formed.  These 
as  well  as  other  basic  salts  are  also  obtained  when  a  solution 
of  copper  sulphate  is  treated  under  certain  conditions  with 
potash  or  ammonia.  Some  occur  as  minerals ;  thus  brochantite 
is  a  native  basic  sulphate  having  the  formula  CuSO^,3Cu(OH)2, 
and  occurring  in  bright  green  rhombic  tablets,  whilst  a  basic 
sulphate  of  composition  CuS04,2Cu(OH)2  has  also  been  found 
occurring  in  nature  as  a  mass  of  small  green  crystals."-  The 
former  can  be  artificially  prepared  by  allowing  a  piece  of 
porous  limestone  to  lie  in  a  solution  of  copper  sulphate. 

When  a  solution  of  copper  sulphate  containing  sulphuric 
acid  is  shaken  with  metallic  copper,  some  cuprous  sulphate  is 
formed  ^  and  equilibrium  is  set  up  according  to  the  equation  : 

CuSO.-FCu^Cu^SO,. 

The  amount  of  cuprous  sulphate  produced  increases  with  the 
temperature  and  the  concentration ;  thus  at  100°  in  a  solution 
containing  originally  one  gram-molecule  per  litre  of  cupric 
sulphate,  the  concentration  of  the  cuprous  sulphate  is  1/82  of 
that  of  the  cupric  salt,  when  equilibrium  has  been  attained. 

Cupric  Nitrate,  Cu(N03)2. — In  his  De  furnis  novis  philoso- 
phicis,  published  in  1648,  Glauber  mentions  the  fact  that 
the  solution  of  copper  in  nitric  acid  on  evaporation  leaves  a 
green  residue,  and  Boyle  in  1664  observed  that  crystals  could 
be  obtained  from  the  solution,  and  that  these  had  the  power 
of  colouring  the  flame  of  a  spirit-lamp  green.  In  order  to  pre- 
pare copper  nitrate,  copper  scale  or  copper  oxide  is  dissolved  in 

1  Cesaro  and   Buttgenbach,    Ann.    Soc.    Oeol.    Belgique,    1897,   24,    Bull., 
p.  xli. 

2  Abel,  Zeit.  anory.  Chem.,  1901,  26,  361. 
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dilute  nitric  acid  and  the  solution  evaporated  to  crystallisation. 
In  this  way  fine  blue  prismatic  crystals,  having  the  composition 
Cu(N03)2,3H20,  are  obtained  which  melt  at  114'5°,  possess  a 
caustic  metallic  taste,  and  cauterise  the  skin.  This  hydrate  is 
stable  in  contact  with  its  solution  from  its  melting  point  to 
24'5°,  when  it  forms  the  hexahydrate,  which  in  its  turn  passes 
at  about  —  20°  into  a  hydrate  with  QJIfi.  The  hydrated  salt 
when  heated  loses  nitric  acid,  a  basic  salt  of  the  composition 
Cu(NOg)2,3Cu(OH)2  being  formed.  Copper  nitrate  is  deli- 
quescent and  very  soluble  in  water,  and  is  deposited  as  a  fine 
crystalline  powder  when  its  concentrated  solution  is  mixed  with 
nitric  acid  of  specific  gravity  l'o22.  This  salt,  owing-  to  the 
ease  with  which  it  is  decomposed,  possesses  strong  oxidising 
properties.  If  some  crystals  of  it  are  wrapped  up  in  tinfoil  and 
rubbed,  decomposition  begins,  often  accompanied  by  a  rise  of 
temperature  sufficient  to  cause  emission  of  sparks.  If  a  solution 
of  copper  nitrate  is  evaporated  with  one  of  ammonium  nitrate, 
decomposition  takes  place  at  a  certain  degree  of  concentration 
attended  with  violent  detonations.  Copper  nitrate  is  used  as 
an  oxidising  agent  in  the  processes  of  dyeing  and  calico- 
printing,  especially  in  the  production  of  catechu-browns  and  of 
some  steam  colours  containing  logwood. 

Anhydrous  copper  nitrate  ^  is  prepared  by  the  action  of  nitric 
anhydride,  or  a  solution  of  this  in  nitric  acid,  on  hydrated  salts 
of  copper.  It  is  a  white  powder,  is  very  deliquescent,  and 
decomposes  at  155°. 

Cupric  Nitrite,  Cu(N02)2,  is  prepared  in  solution  by  double 
decomposition  between  (a)  cupric  sulphate  and  barium  nitrite 
or  (b)  between  cupric  chloride  and  silver  nitrite.  The  solution 
obtained  in  this  manner  is  bright  grass  green  in  colour. 

According  to  Hampe,^  it  evolves  nitric  oxide  even  in  the 
cold,  whilst  Berzelius  states  that  it  absorbs  oxygen  from  the  air 
and  is  slowly  converted  into  nitrate. 

When  the  solution  is  evaporated  under  diminished  pressure 
over  sulphuric  acid,  nitric  oxide  is  evolved;  the  residue  is 
insoluble  in  water,  is  bluish-green  in  colour,  and  consists  of  a 
mixture  of  nitrite  and  nitrate.^ 

Cupric  Phosphide,  CugPg,  is  formed  when  phosphine  is  passed 
over  cupric  chloride  or  when  phosphorus  is  boiled  with  a  cupric 

1  Guntz  and  Martin,  Bull.  Soc.  chim.,  1909  [iv.],  5,  1004. 

2  Annalen,  1863,  125,  345. 

'  Ray,  Journ.  Chem.  Soc,  1907,  91,  1405. 
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salt.  It  is  a  black  powder,  or,  when  prepared  at  a  high  tempera- 
ture, a  greenish-black  metallic  mass,  which,  when  ignited  in 
hydrogen,  is  converted  into  cuprous  phosphide. 

Normal  Cupric  Phosphate,  Cu3(P04)2,3H20,  is  best  obtained 
by  dissolving  the  carbonate  in  dilute  phosphoric  acid  and  heating 
the  solution  to  70°,  when  a  fine  blue  crystalline  powder  is  de- 
posited. On  heating  this  with  water  in  closed  tubes  it  decom- 
poses into  phosphoric  acid  and  a  basic  salt,  Cu:PO^.Cu.OH 
(Debray),  or  Ou3(POj2'C'uO,H20,^  which  latter  occurs  in 
nature  as  libethenite.  The  artificial  compound  crystallises  in 
rhombic  prisms,  and  libethenite  in  dark  olive-green  prisms, 
having  a  waxy  lustre.  The  same  compound  also  occurs  in  the 
massive  state.  Another  basic  copper  phosphate  is  the  mineral 
phosphochalcite,  or  pseudomalachite ;  this  occurs  in  triclinic 
emerald-green  crystals  having  the  composition  P04(CuOH)3. 
Other  basic  phosphates  of  copper  are  known. 

Copper  Arsenides. — These  elements  combine  in  several  pro- 
portions, whilst  certain  copper  arsenides  are  found  as  minerals ; 
thus  whitneyite,  CugAs,  occurs  as  a  bluish-red  or  greenish - 
white  amorphous  or  crystalline  malleable  substance  found  in 
Michigan,  and  also  in  California  and  Arizona.  Algodonite, 
CugAs,  found  in  Chili  and  Lake  Superior,  possesses  a  silver- 
white  or  steel-grey  lustre ;  and  domeykite,  CU3AS,  found  at 
Portage  Lake,  has  a  tin-white  to  steel-grey  colour.  According 
to  Reinsch,  the  grey  deposit  obtained  when  metallic  copper  is 
placed  in  a  solution  of  arsenious  oxide  in  hydrochloric  acid  has 
the  composition  Cu^Asg,  and  this  on  heating  is  converted  into 
CugAs.  When  arsenic  vapour  mixed  with  carbon  dioxide  or  some 
other  inert  gas  is  passed  over  copper  heated  to  the  boiling  point  of 
sulphur,  the  arsenide  CU5AS2  is  formed,  and  this,  when  the 
temperature  is  raised,  is  transformed  into  CU3AS.2  The  freez- 
ing point  curve  of  copper  and  arsenic  also  points  to  the  forma- 
tion of  these  two  arsenides.^  When  arsine  is  passed  over 
dry  cupric  chloride  the  compound  CugAs^  is  formed. 

Cupric  Arsenite,  CuHAsOg,  was  first  obtained  by  Scheele  by- 
precipitating  a  solution  of  potassium  arsenite  with  copper  sul- 
phate, and  is  still  prepared  by  the  same  process.  It  is  a  siskin- 
green  precipitate,  which  is  known  as  a  pigment  under  the  name. 

1  Caveu  and  Hill,  /.  Soc.  Chem.  Ind.,  1897,  16,  29. 
■■=  (3ranger,  Compt.  rend.,  1903,  136,  1397. 

2  Richards,  Ber.,  1898,  31,  3163.  See  also  Friedrich,  Metallurgie,  1908,  5, 
529. 


440  COPPER 


of  Scheele's  green.  The  salt  forms  a  blue-coloured  solution  in 
caustic  potash  which  is  quickly  decomposed  on  heating,  with 
separation  of  copper  oxide. 

Arsenates  of  Copper. — These  salts  correspond  closely  to  the 
phosphates,  and  several  basic  salts  occur  in  the  mineral  kingdom. 
The  ortharsenate  Cu3(As04)2,2H20  is  obtained  as  a  blue 
amorphous  powder  by  heating  together  copper  nitrate  and 
calcium  arsenate.  Olivenite,  CuiAsO^.Cu.OH,  crystallises 
in  olive-green  or  brown  rhombic  prisms,  and  can  be  obtained 
artificially  by  heating  a  solution  of  the  ortharsenate  to  100^. 

Clinoclasite,  AsO^(CuOH)3,  forms  dark  green  monoclinic 
prisms  possessing  a  pearly  or  vitreous  to  resinous  lustre. 

Carbonates  of  Copper. — We  are  only  acquainted  with  basic 
copper  carbonates.  Of  these,  two  occur  in  large  quantity  in  the 
mineral  kingdom.  Malachite,  CuC03,Cu(OH)2,  forms  mono- 
clinic,  frequently  twin,  crystals  which  are  .  rarely  perfectly 
developed,  simple  crystals  being  seldom  found.  It  also  occurs 
massive  with  botryoidal  or  stalactitic  surface,  often  fibrous  and 
frequently  granular  or  earthy.  Its  colour  is  a  bright  green,  and 
its  specific  gravity  varies  from  3'7  to  4'01.  Green  malachite 
accompanies  other  ores  of  copper,  occurring  especially  in  the 
Urals,  at  Chessy  in  France,  in  Cornwall  and  Cumberland  in 
England,  and  at  the  copper  mines  of  Nischne-Tagilsk.  The 
fibrous  varieties  are  frequently  deposited  in  different  coloured 
layers  which  take  a  high  polish,  and  from  these  masses  vases 
and  other  ornamental  articles  are  manufactured.  Crystals  of 
malachite  can  be  obtained  artificially  by  allowing  a  piece  of 
porous  limestone  to  lie  in  a  solution  of  copper  nitrate  having  a 
specific  gravity  of  1"1,  until  the  stone  becomes  covered  with  basic 
nitrate,  and  then  bringing  it  into  a  solution  of  sodium  carbonate 
having  a  specific  gravity  of  1'04,  when  after  a  few  days  malachite 
crystals  are  formed  (Becquerel). 

Verdigris,  or  copper  rust,  formed  by  the  joint  action  of 
air  and  water  on  copper,  possesses  the  same  composition  as 
malachite. 

Azurite  or  Azure  Copper  Ore,  2Cu0O3,Cu(OII)2,  occurs 
together  with  malachite  and  other  copper  ores  in  shining 
monoclinic  tablets  or  short  prisms,  and  also  as  an  amorphous  or 
earthy  mass  having  a  dark  azure-blue  colour.  It  possesses  a 
specific  gravity  of  3-5  to  S'SS.  If  crystallised  copper  nitrate  be 
heated  with  pieces  of  chalk  under  a  pressure  of  from  3  to  4 
atmospheres  a  crystalline   warty  mass   of  azurite   is   formed 
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(Debray).  Azurite  dissolves  in  a  hot  solution  of  sodium  bi- 
carbonate and  the  solution  on  boiling  deposits  a  green  powder 
of  malachite. 

The  following  carbonates  have  also  been  isolated/  oCuOjCOg, 
a  blue  bulky  precipitate  obtained  by  the  precipitation  of  copper 
salts  by  sodium  carbonate;  SCuOjSCOj,  a  light  blue  stable 
precipitate  obtained  by  precipitation  with  sodium  hydrogen 
carbonate,  and  SCuO.SCOg.GHjO,  a  dark  blue  substance  obtained 
by  the  action  of  water  on  the  double  carbonate  of  copper  and 
sodium. 

Silicates  of  Cofper. — Two  silicates  of  copper  occur  as 
minerals.  Diojptase  or  emerald  copper,  HgCuSiO^,  is  found  in 
compact  limestone  in  the  Kirghese  Steppes  and  also  in  Siberian 
gold-washings.  It  forms  emerald-green  hexagonal  crystals 
(class  17,  p.  201),  having  a  specific  gravity  of  3'3. 

ChrysocoUa,  H2CuSiO^,H20,  exists  as  a  bluish  botryoidal  mass 
occurring  with  other  copper  ores.  The  name  of  chrysocoUa 
occurs  in  old  writers  and  serves  to  describe  the  most  diverse 
bodies.  The  word  originally  was  used  to  signify  the  substance 
employed  for  soldering  gold  (^puo-o?,  gold,  and  KoWdoa,  to 
cement) ;  this,  being  prepared  from  urine,  was  probably 
microcosmic  salt,  which  became  coloured  blue  in  the  act  of 
soldering  gold  to  copper  or  brass.  The  word  then  came  to  be 
used  for  any  green  or  blue  substance,  especially  such  as  contained 
copper ;  the  confusion  thus  created  was  great,  all  blue  or  green 
minerals,  such  as  emerald  and  malachite,  as  well  as  substances 
which  were  employed  for  soldering,  being  termed  chrysocoUa. 
Brochant,  in  the  year  1808,  first  proposed  to  confine  the  use  of 
the  name  to  this  particular  mineral. 

Ammoniacal  Compounds  of  Coppee. 

211  By  the  action  of  ammonia  on  both  cuprous  and  cupric 
salts,  a  large  number  of  compounds  have  been  obtained,  the  em- 
pirical formulae  of  which  show  that  combination  has  taken  place 
between  the  copper  salt  and  a  varying  number  of  molecules  of 
ammonia.  As  to  the  manner  in  which  the  combination  takes 
place,  and  the  exact  constitution  of  the  products,  very  little  is 
at  present  known,  and  they  are  usually  formulated  as  additive 
compounds  or  in  accordance  with  Werner's  co-ordination  theory. 

1  Pickering,  Proo.  Chem.  Soc,  1909,  25, 188.  See  also  Groger,  Zeit.  anorg. 
Chem.,  1900,  24,  127. 
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Many  other  metals  form  similar  series  of  ammoniacal  derivatives, 
these  being  often  more  complex  than  in  the  case  of  copper, 
as  for  example  those  of  cobalt  and  platinum.  The  compounds 
appear  to  be  formed  chiefly  by  the  metals  occurring  in  the 
middle  of  Mendel^eff's  double  periods  (p.  52). 

The  ammoniacal  cuprous  compounds  are  colourless  when  pure, 
but  very  readily  undergo  oxidation,  yielding  the  corresponding 
ammoniacal  cupric  salts,  which  usually  have  a  deep  blue  colour 
and  yield  solutions  of  the  same  colour.  The  most  important  of 
these  are  the  derivatives  of  cupric  chloride  and  sulphate. 

■  Cuprous  Ammonium  Sulphate. — Colourless  crystals  of  the 
composition  Cu2S04,4NH3,H20  have  been  obtained  by  pass- 
ing a  weak  electric  current  through  a  strongly  ammoniacal 
solution  of  cupric  sulphate.^  In  moist  air  this  substance 
changes  rapidly  to  copper  and  a  cupric  compound. 

The  compound  Cu2S04,4NH3  is  precipitated  as  a  white 
crystalline  powder  on  the  addition  of  alcohol  to  a  solution  of 
cuprous  oxide  and  ammonium  sulphate  in  aqueous  ammonia  at 
50°  in  an  atmosphere  of  hydrogen.^ 

Cupric  Chloride  and  Ammonia. — Anhydrous  cupric  chloride 
absorbs  ammonia,  increasing  in  bulk  and  forming  a  blue  powder 
having  the  composition  CuClg.SNHg ;  this  gradually  dissociates 
first  into  CuCl2,4NH3,  and  then  further  to  CuCl2,2NH3.* 

When  ammonia  is  passed  into  a  hot  saturated  solution  of 
cupric  chloride  a  dark  blue  solution  is  formed,  which,  on  cooling, 
deposits  small  dark  blue  octahedra  or  pointed  tetragonal 
prisms  of  aiprammonium  chloride,  CuCl2,4NH3,2H20.*  It  is 
converted  at  150°  into  CuCl2,2NH3,  which  is  a  green  powder,  and 
on  further  heating  decomposes  as  follows  : 

6(CuCl22NH3)  =  6CuCl + 6NH,C1 + 4NH3 + N2. 

Water  converts  it  into  cuprammonium  chloride,  ammonium 
chloride,  and  a  basic  cupric  chloride  having  the  composition 
CuCl2,4CuO,6H20. 

C%t,pric  Sulphate  and  Ammonia. — When  a  solution  of  copper 
sulphate  is  treated  with  ammonia  a  basic  sulphate  is  first  thrown 
down.  On  further  addition  of  ammonia  this  dissolves  to  a 
deep    pure  blue    liquid    containing    cuprammonium    sulphate, 

1  Foerster  and  Blankenberg,  Ber.,  1906,  39,  4428. 

2  A.  Bouzat,  Cmmpt.  rend.,  1908,  146,  75. 

3  Bouzat,  Compt.  rend.,  1902,  135,  292;  Ann.  Chim.  Phys.,  1903,  (7),  29, 
305. 

■•  Sabbatani,  Ann.  Chim.  Farm.,  1897,  26,  337. 
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CuSO^,4NH3,H20,  which  was  first  described  by  Stisser  in 
1693  as  an  arcanum  epilepiicuni,  and  afterwards  termed  cuprum 
ammoniacale.  In  order  to  obtain  this  compound  in  fine  crystals 
a  layer  of  strong  alcohol  is  poured  on  to  the  concentrated 
aqueous  solution  and  the  whole  allowed  to  stand :  in  this  way 
very  long  and  thin  transparent  azure-blue  rhombic  prisms  are 
deposited.  These  on  exposure  to  the  air  lose  ammonia  and  are 
gradually  transformed  into  ammonium  sulphate  and  basic  copper 
sulphate.  Heated  gently  to  150°  an  apple-green  powder  of  the 
composition  CuSO^,2NH3  is  obtained.  Anhydrous  copper 
sulphate  absorbs  dry  ammonia  gas  with  evolution  of  heat 
forming  a  fine  blue  powder  consisting  of  CuSO^jSNHj,  which 
like  the  foregoing  compound  on  heating  to  200°  forms  the  com- 
pound CuSO^jNErg  (Graham). 

It  will  be  noticed  that  in  several  of  these  compounds  the  total 
number  of  molecules  of  water  and  ammonia  in  combination  with 
the  copper  sulphate  molecule  is  five,  and  they  may  therefore  be 
regarded  as  crystallised  copper  sulphate,  CuSO^,5H20,  in  which 
either  the  whole  or  a  certain  number  of  the  water  molecules 
have  been  replaced  by  an  equal  number  of  ammonia  molecules. 
The  same  relation  is  found  still  more  prominently  in  the 
ammoniacal  compounds  of  some  of  the  other  metals. 

Detection  and  Estimation  of  Copper. 

212  The  halogen  compounds  and  nitrate  of  copper  colour  the 
non-luminous  gas  flame  green,  and  the  same  coloration  is 
obtained  from  the  other  salts  when  mixed  with  a  chloride  or 
moistened  with  hydrochloric  acid. 

The  spectrum  of  this  flame  is  a  banded  one  containing  a  large 
number  of  lines  of  which  two  in  the  violet,  lying  between  the 
rubidium  and  caesium  lines,  are  the  most  characteristic.  The 
spark  spectrum  of  cupric  chloride  is  also  rich  in  lines  and  con- 
tains very  bright  lines  in  the  green  (Lecoq  de  Boisbaudran). 
When  borax  is  moistened  with  any  copper  salt  and  heated  in 
the  oxidising  flame  a  bead  is  obtained  which,  when  hot,  is  green, 
and  when  cold  possesses  a  blue  colour ;  in  the  reducing  flame, 
especially  with  the  addition  of  a  small  quantity  of  tin  or  a  tm 
compound,  the  bead  becomes  red  and  opaque  with  separation  of 
cuprous  oxide  or  metallic  copper.  Copper  salts  are  thrown 
down  by  sulphuretted  hydrogen  in  the  form  of  a  brownish-black 
precipitate  of  cupric  sulphide,  CuS,  which  is  slightly  soluble  in 
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ammonium  sulphide,  but  not  in  freshly  prepared  potassium  or 
sodium  sulphide.  The  precipitated  sulphide  dissolves  readily 
in  warm  dilute  nitric  acid  forming  a  clear  blue  solution  which 
assumes  a  fine  dark  blue  colour  on  the  addition  of  ammonia. 
Copper  can  also  easily  be  detected  by  the  reduction  to  the  red 
metallic  bead  on  charcoal  before  the  blowpipe,  or  upon  the 
charred  end  of  a  lucifer  match  (Bunsen's  test). 

Copper  is  estimated  quantitatively  either  as  oxide,  sulphide 
or  metal.  For  the  purpose  of  estimating  it  as  oxide,  the 
boiling  solution  of  the  copper  salt  is  treated  with  a  slight  excess 
of  pure  potash  or  soda,  the  precipitate  repeatedly  washed  by 
decantation  with  boiling  water,  then  thrown  on  to  a  filter,  again 
washed,  dried,  and  ignited. 

Very  satisfactory  results  are  obtained  by  the  electrolytic 
deposition  of  the  metal,  this  method  being  especially  advan- 
tageous where  a  large  number  of  determinations  have  to  be 
made  daily,  as  is  the  case  in  a  copper  works.  The  copper 
solution  may  be  electrolysed  in  a  platinum  basin  which  acts  as  the 
cathode,  the  anode  being  a  platinum  wire.  The  copper  is 
thus  deposited  on  the  basin ;  it  is  washed  by  decantation  with 
water,  then  with  a  little  alcohol,  dried  and  weighed  together 
with  the  tared  basin. 

Copper  is  often  estimated  volumetrically  by  adding  potassium 
iodide  to  a  solution  of  the  sulphate,  and  estimating  the  iodine 
liberated  by  titration  with  standard  sodium  thiosulphate,  or  by 
the  titration  of  the  ammoniacal  solutions  of  the  copper  salts 
with  potassium  cyanide  solution. 

Atomic  Weight  of  Gopixr. — By  the  reduction  of  precipitated 
copper  oxide  with  hydrogen  Berzelius^  obtained  the  number 
63-30,  whilst  Erdmann  and  Marchand  ^  by  the  same  method 
obtained  the  number  63-46.  Hampe,^  by  the  reduction  of  the 
oxide  and  by  the  electrolysis  of  pure  copper  sulphate,  obtained 
a  number  almost  identical  with  that  of  Berzelius,  viz.,  63-31. 
The  careful  experiments  of  Richards  have  shown  that  all  these 
numbers  are  too  low,  the  error  being  due  to  the  fact  that 
copper  oxide  contains  occluded  nitrogen  and  oxygen,  and  that 
copper  sulphate  cannot,  as  previously  supposed,  be  completely 
dehydrated  at  255°.  Richards  therefore  determined  the  atomic 
weight  by  the  analysis  of  pure  cupric  bromide,  the  amount  of 
silver  required  for  complete  decomposition  of  the  bromide  and 

1  Pogg.  Ann.,  1826,  8,  177.    ^  Journ.  pr.  Chem.,   1844,  31,  380. 
^  Zeit.  anal.  Chem.,  1873,  13,  352. 
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also  the  weight  of  the  silver  bromide  formed  being  ascertained. 
The  average  of  the  results  gave  the  number  63'67  for  the 
atomic  weight  of  copper.  From  the  sulphate  he  obtained  the 
number  63'55/  while  the  number  now  adopted  (1918)  is  63'57. 


SILVER    (ARGENTUM).     Ag=  107.88. 

213  Silver  has  been  known  from  the  earliest  times,  and 
the  oldest  names  by  which  it  was  designated  referred  to  its 
bright  white  colour ;  thus  in  the  Hebrew,  Keseph,  the  root 
signifies  to  be  pale,  whilst  the  Greek  word  dpjvpo^,  silver,  is 
derived  from  apj6<;,  shining.  The  alchemists  termed  silver 
Luna  or  Diana,  and  it  is  often  represented  by  the  symbol  of  the 
cresent  moon. 

Silver  occurs  frequently  in  the  native  state,  and  is  sometimes 
found  in  considerable  quantity;  thus,  in  the  museum  at  Copen- 
hagen there  is  a  mass  of  native  silver  found  at  Kongsberg  in 
Norway  which  weighs  a  quarter  of  a  ton,  and  in  South  Peru 
masses  have  been  found  which  weigh  more  than  8  cwt.,  whilst 
at  Idaho,  at  the  "  poor  man's  lode,"  large  masses  of  native  silver 
have  also  been  obtained.  Native  silver  usually  contains  gold, 
copper,  and  sometimes  mercury  and  other  metals. 

The  most  important  ores  of  silver  are :  argentite  or  silver- 
glance,  AgaS ;  pj'rargyrite,  ruby-silver,  or  dark-red  silvei', 
AggSbSg ;  stromeyerite  or  silver-copper  glance,  (Ag,Cu)2S ; 
stephanite,  Ag^SbS^ ;  polybasite,  (Ag,Cu)y(Sb,As)Sg ;  chlorargy- 
rite  or  horn-silver,  AgCl.  Of  less  importance  are  proustite  or 
light-red  silver  ore,  AggAsSg,  dyscrasite,  Ag^Sb,  silver  bromide, 
AgBr,  silver  iodide,  Agl,  and  others.  Silver  also  occurs  in  sea- 
water,  a  fact  which  was  known  to  Proust  in  the  year  1787. 

214  Metallurgy  of  Silver. — Metallic  silver  is  obtained  from  its 
ores  by  four  different  processes ;  either  it  is  alloyed  with  lead, 
and  then  the  lead  is  removed  by  oxidation,  or  it  is  amalgamated 
with  mercury  and  this  removed  by  distillation,  or  it  is  brought 
into  combination  with  copper  sulphide  by  smelting  with  pyritic 
copper  ores,  and  the  argentiferous  matte  produced  is  treated  by 
a  wet  method,  or  reduced  to  metallic  copper  which  is  refined 
by  the  electrolytic  process,  or  lastly  it  is  brought  into  solution 
as  a  salt   and   precipitated.      The   practical  adoption   of  one 

1  Numerous  papers  in  Chem.  Kewts,  1891-2,  63,  65,  66. 
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or  other  of  these  processes  depends  upon  the  nature  of  the 
ore,  the  position  of  the  mine,  and  the  price  of  the  labour, 
fuel,  &c. 

It  was  by  the  first  of  these  methods  that  the  ancients  ex- 
tracted silver  from  its  ores,  and  this  remained  for  long  the 
only  known  process.  Strabo  describes  the  method  adopted  in 
Spain  for  this  purpose.  The  washed  ore  was  melted  with  lead, 
and  after  this  was  got  rid  of  {a'7ro')(v6evTO^  rov  fioXv^Sov),  the 
pure  silver  remained  behind.  Pliny  also,  though  he  did  not 
understand  the  nature  of  the  operation,  states  that  in  order  to 
obtain  pure  silver  the  ore  must  be  cupelled  together  with  lead ; 
concerning  the  silver  ore  he  says,  "  excoqui  non  potest,  nisi  cum 
plumbo  nigro  aut  cum  vena  plumbi — et  eodem  opere  igniuni 
descendit  pars  in  plumbum,  argentum  autem  innatat,  ut  oleum 
aquis,"  this  being  an  indistinct  statement  of  the  mode  in  which 
metallic  silver  separates  from  the  oxidised  slag.  This  process 
was  termed  in  the  works  attributed  to  Basil  Valentine 
"  Saigern  "  or  "  eliquation." 

The  Cupellation  Process. — In  this  process  the  silver  ores  are 
first  converted  into  an  alloy  of  lead  and  silver  by  smelting  with 
lead  ores,  which  reduces  the  silver  to  the  metallic  state,  the 
excess  of  lead  combining  with  it  to  form  an  alloy.  The  metallic 
lead  obtained  from  galena  always  contains  silver  in  small 
quantities,  and  from  this  a  quantity  of  lead  rich  in  silver  is 
obtained  by  the  Pattinson  or  Parkes  process  (see  under  Lead). 
To  obtain  the  silver  free  from  lead  in  both  cases  the  alloy  is 
subjected  to  the  process  of  cupellation,  the  lead  being  oxidised 
to  litharge,  which  is  removed,  leaving  the  silver  in  the  metallic 
state.  For  this  purpose  there  are  many  different  forms  of 
furnace,  modes  of  refining,  &c.,  in  use,  but  only  two  distinct 
methods  of  cupellation  are  employed,  viz. :  (1)  the  English,  and 
(2)  the  German  system. 

(1)  The  English  Process. — The  peculiarity  of  this  system  is 
that  the  cupel  or  porous  hearth  or  test  upon  which  the  oxidation 
takes  place  is  movable,  and  the  lead  is  added  at  intervals. 

Figs.  116  and  117  show  the  construction  of  the  English 
cupellation  furnace  or  refinery.  Fig.  116  shows  a  transverse 
section  through  the  test,  and  Fig.  117  a  plan  and  sections  of 
the  test  and  test  frame. 

The  refinery  consists  essentially  of  a  reverberatory  furnace. 
The  metal  to  be  refined  is  placed  upon  the  hearth,  or  cupel,  or 
test  (Ej,  which  consists  of  an  oval   wrought-iron   frame   (aa', 
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Fig.  117)  about  five  feet  long  and  two  and  a  half  feet  wide, 
crossed  by  five  iron  bars  (a). 

Formerly  this  frame  was  filled  with  finely-powdered  bone-ash 
moistened   with   a  little   water  in  which  a  small  quantity  of 


potassium  carbonate  had  been  dissolved.  This  was  well 
solidified  by  beating,  and  scooped  out  until  it  was  an  inch  thick 
and  had  the  form  shown  in  the  figure. 

At  the  present  time,  marl,  similar  in  composition   to   that 
used  in  the   German  furnace,   barytes,  or  cement,  or  various 


448 


SILVER 


mixtures  of  cement  and  fireclay,  are  often  used  for  the  first 
stage  of  the  process,  bone-ash  or  barytes  being  employed  for  the 
final  stage. 

In  forming  the  test,  a  flat  rim  is  left  all  round  about  two  inches 
wide,  except  at  one  end  (e.  Fig.  117),  called  the  front  or  breast  of 
the  cupel,  where  it  is  five  inches  wide,  and  through  this  a  channel 
(g)  connecting  the  bed  of  the  cupel  with  the  slot  (g')  is  cut  to 
allow  the  melted  oxide  of  lead  to  flow  out  into  the  waggon  (i) 
beneath,  without  coming  into  contact  with  the  iron,  which  it 
would  corrode.  The  cupel  thus  arranged  is  wedged  up  into  its 
place  in  the  furnace,  of  which  it  forms  the  hearth  (e.  Fig.  116), 
and  where  it  is  so  arranged  that  the  flame  from  a  coal  fire  lying 
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on  the  bars  plays  over  its  surface,  and  the  products  of  combustion 
escape  through  two  flues.  A  blast  of  air  from  the  nozzle  or 
tuyere  (m,  Fig.  116)  enters  the  furnace  at  the  side  opposite  that 
against  which  the  breast  of  the  cupel  is  placed,  a  current  of  air 
being  thus  blown  over  the  surface  of  the  lead  at  the  rate  of  about 
200  cubic  feet  per  minute.  Opposite  the  door  is  a  hood  for 
carrying  the  fumes  into  the  chimney.  The  temperature  is 
gradually  raised  to  redness,  and  the  cupel  is  almost  filled  with 
the  lead  to  be  treated,  which  is  ladled  in  from  an  iron  pot 
where  it  has  been  previously  melted  by  means  of  a  fire  placed 
beneath.  Fresh  lead  is  added  from  time  to  time  to  supply  the 
place  of  that  which  is  oxidised,  until  at  length  a  quantity  of 
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lead  originally  amounting  to  about  five  tons  is  reduced  to 
between  two  and  three  cwt.  This  metal  is  withdrawn  by 
making  a  hole  through  the  bottom  of  the  cupel ;  the  aperture 
is  afterwards  closed  with  fresh  bone-ash  or  marl,  and  another 
charge  is  proceeded  with.  When  a  quantity  of  rich  lead  suffi- 
cient to  yield  from  3,000  to  5,000  ounces  of  silver,  or  from  93  to  155 
kilos.,  has  been  thus  obtained,  it  is  again  placed  in  a  cupel,  and 
the  last  portions  of  lead  are  removed.  It  is  found  advantageous 
to  effect  this  final  purification  of  the  concentrated  silver-lead 
separately,  because  in  the  last  stages  of  the  operation  the 
litharge  carries  a  good  deal  of  silver  with  it ;  these  portions  of 
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Fig.  118. 

litharge,  therefore,  after  being  reduced,  are  again  subjected  to 
the  desilverising  process. 

(2)  The,  German  Cupellation  Process.— This  differs  from  the 
English  process  inasmuch  as  the  hearth  is  always  formed  of 
marl  instead  of  bone-ash,  and  the  process  is  completed  m  one 
operation.  The  natural  marl  used  consists  of  about  65  per 
cent,  of  limestone  and  30  per  cent,  of  clay,  together  with  5  per 
cent,  of  magnesium  carbonate  and  oxide  of  iron. 

The  hearth  is  made  of  large  dimensions,  and  the  whole  of  the 
charge  is  placed  on  the  cupel  at  once.  The  furnace  used  for  this 
purpose  is  shown  in  Fig.  118.     The  circular  cover  h  is  movable 
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for  the  purpose  of  renewing  the  cupel.  When  all  is  ready,  straw 
is  thrown  upon  the  hearth,  on  to  which  the  pigs  of  rich  lead  are 
placed ;  the  cover  h  is  then  lowered  and  the  joints  made  good 
with  clay ;  the  fire  is  lighted,  and  as  soon  as  the  lead  is  melted 
its  surface  becomes  covered  with  a  dark  crust  termed  "  abzug,'' 
consisting  of  the  oxides  of  foreign  oxidisable  metals  and  other 
impurities  in  the  lead ;  this  crust  is  skimmed  off  through  the 
working  door  {g) ;  the  heating  is  regulated  so  as  to  maintain 
the  lead  at  a  dark-red  heat,  until  the  impurities  cease  to  separate 
in  the  form  of  scum.  The  next  product  which  appears  is 
known  as  "  abstich,"  or  impure  litharge,  and  at  the  end  of  two 
hours  the  formation  of  the  pure  litharge  begins,  the  temperature 
being  kept  up  at  a  cherry-red  heat  until  the  operation  is 
complete.  Just  before  the  last  portions  of  lead  are  removed  a 
beautiful  appearance,  known  as  the  fulguration  of  the  metal,  is 
noticed.  During  the  early  stages  of  the  operation  the  film  of 
lead  oxide  is  constantly  being  formed,  and  this  is  renewed  as 
rapidly  as  it  is  removed;  but  when  the  lead  has  all  been 
oxidised,  the  film  of  litharge  becomes  thinner  and  thinner,  and 
as  it  flows  off  a  succession  of  beautiful  iridescent  tints  due  to 
the  colour  of  thin  films  (Newton's  rings)  is  observed,  and  after 
a  few  moments  the  film  of  oxide  suddenly  disappears  and  the 
brilliant  surface  of  the  metallic  silver  is  seen  beneath. 

The  Mexican  Amalgamation  Process. — Although  the  ancients 
were  well  acquainted  with  the  fact  that  mercury  dissolves  gold 
and  silver,  it  does  not  appear  that  they  applied  this  knowledge 
to  the  extraction  of  silver  from  its  ores.  This  was  first  done  in 
Mexico  in  the  year  1557  by  Bartholomeo  de  Medina,  and  applied 
on  the  large  scale  in  the  year  1566.  The  same  process  was 
employed  at  Potosi  in  Peru  in  1574,  and  fully  described  in  1590 
by  Joseph  Acosta,  in  his  Historia  natural  y  moral  de  las  Indias. 
The  identical  method  is  still  carried  on  to  some  extent  in  Mexico, 
Peru,  and  Southern  Chili.  The  ores  which  are  worked  by  this 
process  contain  metallic  silver,  sulphide  of  silver,  chloride  of 
silver,  &c.,  these  substances  being  distributed  in  small  masses 
through  large  quantities  of  gangue,  thus  rendering  it  difficult  or 
impossible  to  separate  the  ore  by  washing. 

The  first  operation  in  the  process,  which  has  to  be  carried  on 
in  a  country  devoid  of  fuel  and  running  water,  and  where,  there- 
fore, neither  steam  nor  water-power  can  be  obtained,  is  the  fine 
division  of  the  ore.  This  is  effected  by  stamping  and  grinding 
mills  worked  by  horse  or  mule  power,  and    termed   arraslra. 
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Into  these  water  and  ore  are  brought  and  ground  together  to 
a  fine  mud  between  blocks  of  porphyry  fastened  to  an  axis 
which  is  turned  by  the  mules ;  the  wet  and  powdered  ore  is 
then  brought  on  to  a  paved  floor  termed  a  patio,  and  mixed  with 
from  3  to  5  per  cent,  of  common  salt,  and  the  salt  thoroughly 
incorporated  with  the  mass  by  the  treading  of  mules.  After 
standing  for  a  day,  mercury  is  added  together  with  a  substance 
termed  magistral,  an  impure  mixture  of  cupric  and  ferric  salts. 
As  soon  as  the  magistral  has  been  added,  more  mercury  is  poured 
on,  and  the  heap  or  torta  is  again  trodden  by  mules  to  bring 
about  a  thorough  incorporation  of  the  ingredients  and  thus 
to  effect  the  chemical  decomposition  which  their  contact  entails. 
The  treading  of  the  torta  is  generally  performed  by  mules  which 
are  blindfolded  and  tied  together  four  abreast ;  one  mule  for 
every  two  montones  (about  three  tons)  is  required  at  Guanax- 
uato  for  the  effectual  treading  of  a  heap.  A  driver,  who  stands 
in  the  centre  of  the  torta,  guides  the  animals  with  a  long  halter, 
causing  them  first  to  tread  at  the  outer  edge,  and  gradually 
diminishing  the  radius  of  the  circle  described.  The  time 
necessary  for  working  a  torta  varies  from  fifteen  to  forty-five 
days  according  to  circumstances  (Phillips). 

As  soon  as  the  amalgamation  is  found  to  be  complete,  the 
slimy  mass  is  washed  in  buddies  worked  by  mules,  the  lighter 
particles  of  mud  washed  away,  and  the  heavier  amalgam 
deposited.  The  amalgam  is  next  filtered  through  canvas  bags  to 
remove  excess  of  mercury,  and  is  then  distilled  by  being  placed 
under  a  large  iron  bell  luted  at  the  bottom  with  water,  round  the 
upper  part  of  which  a  charcoal  fire  is  lighted.  The  silver  which 
is  then  left  behind,  and  is  termed  plata  pina,  possesses  a 
white  frosted  appearance,  and  is  fused  into  bars  in  the  usual 
way. 

The  chemical  reactions  which  occur  in  the  process  have  been 
investigated  by  Boussingault,  Karsten,  and  other  chemists,  but 
in  spite  of  their  investigations  there  still  remains  some  degree 
of  doubt  respecting  the  exact  nature  of  the  reaction. 

The  following  is  the  probable  explanation  of  the  chemical 
changes  which  occur.  The  first  reaction  is  a  double  decomposi- 
tion between  the  sulphates  of  iron  and  copper  and  chloride  of 
sodium  with  formation  of  the  chlorides  of  the  metals.  These 
decompose  silver  sulphide  into  silver  chloride  : 

2CuCl2  +  AgaS  ==  2CuCl  +  2AgCl  +  S. 

2  GG 
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The  cuprous  chloride  thus  formed  dissolves  in  common  salt 
and  acts  further  upon  the  sulphide  : 

2CuCl  +  AggS  =  Cu^S  +  2  AgCl. 

The  solution  of  the  silver  chloride  in  common  salt  is  then 
decomposed  by  the  metallic  mercury  with  formation  of  calomel 
and  metallic  silver.  All  the  mercury  which  is  thus  converted 
into  calomel  is  lost,  and  it  amounts  to  about  double  the  weight 
of  the  silver  obtained. 

Since  1904,  the  Mexican  process  has  been  largely  displaced 
by  the  introduction  of  fine-grinding  in  tube-mills  in  conjunction 
witii  a  modification  of  the  cyanide  process. 

The  American  or  Washoe  Amalgamation  Process. — Owing  to 
the  scarcity  of  fuel  and  labour  in  the  Nevada  districts,  where 
large  quantities  of  both  rich  and  poor  silver  ores  occur,  it  is 
found  impossible  to  work  the  ordinary  methods,  because  a 
process  necessitating  the  preliminary  roasting  of  the  ore 
cannot  be  carried  on,  and  the  loss  of  mercury  in  the  Mexican 
process  is  too  great  to  render  that  method  applicable  to  the  large 
quantity  of  poor  ore  which  the  district  yields. 

This  necessity  has  led  to  the  invention  of  a  process  of  amalga- 
mation in  iron  pans,  which  is  called,  from  the  name  of  the  district, 
the  Washoe  process.  The  richer  ores  of  the  Nevada  mines 
contain  many  other  metals,  and  are  usually  roasted  with  common 
salt  in  reverberatory  furnaces  and  then  amalgamated  in  barrels. 
The  poor  ore,  on  the  other  hand,  after  having  been  stamped  to 
powder,  is  ground  in  cast-iron  pans  together  with  mercury 
and  hot  water,  with  or  without  the  addition  of  common  salt  and 
copper  sulphate.  The  amalgam  is  next  washed,  strained  in 
bags,  and  distilled  in  carefully  constructed  cast-iron  retorts,  and 
the  silver  which  remains  melted  and  cast  into  ingots.  The 
chemical  changes  which  occur  in  this  process  of  amalgamation 
are  similar  to  those  taking  place  in  the  Mexican  operation,  but 
as  the  ore  contains  a  considerable  proportion  of  native  silver, 
the  presence  of  a  copper  salt  is  not  so  necessary,  as  under  the 
influence  of  heat  and  friction  mercury  and  iron  alone  are 
capable  of  extracting  the  silver.  The  loss  of  mercury  in  the 
Washoe  method  is  much  less  than  in  the  older  amalgamation 
operations,  as  it  is  chiefly  mechanical,  no  mercury  salt  being 
formed. 

A  third  amalgamation  process  is  known  as  the  Boss  continuous 
process   in  which  the  ore  is  first  crushed  in  a  stamp-mill  and 
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the  pulp  finely  ground  in  pans.  After  this,  it  is  caused  to  pass 
through  a  series  of  amalgamating  pans,  often  ten  in  number, 
placed  side  by  side,  each  pan  having  an  overflow  pipe,  through 
■which  the  pulp  flows  into  the  next  one  of  the  series.  From 
these  it  is  passed  through  a  series  of  settlers  arranged  in  the 
same  manner,  in  which  any  mercury  or  amalgam  passing  over 
settles  and  is  collected.  By  this  process  the  labour  of  convey- 
ing the  pulp  to  the  pans  is  avoided,  and  the  ore  is  kept  in 
contact  with  mercury  for  a  longer  period. 

215  Extraction  of  Silver  in  the  Wet  Way. — Several  of  these 
processes  have  now  been  generally  adopted. 

ZidDogeVs  process,  carried  on  in  Saxony  and  other  places, 
depends  upon  the  fact  that  the  silver  in  compounds  of  silver, 
copper,  and  iron  sulphide  may  be  converted  into  silver  sulphate 
by  careful  roasting,  while  the  iron  and  copper  are  converted 
into  oxides.  The  silver  sulphate  is  readily  soluble  in  hot 
water  and  is  extracted  by  lixiviation  in  wooden  vats,  the  silver 
being  precipitated  from  this  solution  in  the  metallic  state 
by  treatment  with  metallic  copper.  Ores  are  seldom  treated 
by  the  Ziervogel  process  as  they  are  not  sufficiently  rich,  but 
the  process  is  admirably  suited  to  argentiferous  copper 
mattes  obtained  from  the  smelting  of  argentiferous  pyrites. 
These  mattes  are  first  ground  and  then  subjected  to  a  prelimin- 
ary roast,  during  which  ferric  sulphate  is  first  formed  together 
with  copper  and  iron  oxides.  When  the  temperature  is  raised 
the  ferric  sulphate  is  decomposed,  sulphuric  anhydride  being 
evolved,  which  brings  about  the  formation  of  copper  sulphate. 
After  about  five  hours  the  charge  is  withdrawn,  and  consists  of  a 
mixture  of  ferric  oxide,  cuprous  and  cupric  oxides,  silver  sulphide, 
and  copper  sulphate.  This  charge  is  prepared  for  the  "  final " 
or  "  sulpha  ting  "  roast  by  fine  grinding,  and  is  charged  into  a 
gas-fired,  double -hearthed  reverberatory  furnace.  The  temper- 
ature is  carefully  regulated  so  that  copper  sulphate  is  decom- 
posed, silver  sulphate  formed,  and  any  cuprous  oxide  present 
converted  into  cupric  oxide ;  the  charge  is  then  withdrawn  and 
allowed  to  cool,  and  is  ready  for  lixiviation. 

Augustin's  Process. — This  method  was  formerly  employed  for 
argentiferous  copper  regulus  and  for  argentiferous  ores.  These 
are  roasted  to  remove  excess  of  sulphur,  and  then  heated  with 
5  per  cent,  of  common  salt,  the  silver  chloride  thus  formed 
extracted  by  a  hot  saturated  solution  of  salt,  and  the  silver 
deposited  from  the  solution  by  the  action  of  metallic  copper. 
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As  silver  chloride  is  much  more  easily  dissolved  by  a  solution 
of  sodium  thiosulphate  than  by  brine,  the  Augustin  process  is 
now  only  used  in  conjunction  with  the  Patera  process  (see 
below),  and  is  not  as  a  rule  used  for  working  up  argen- 
tiferous mattes  or  other  products. 

Percy-Patera  Process. — Another  wet  process  depends  upon 
the  following  reactions,  first  suggested  by  Percy,  and  afterwards 
carried  out  by  von  Patera.  .The  argentiferous  ore  is  first 
roasted  with  common  salt,  by  which  the  silver  is  converted  into 
the  chloride  as  in  the  Augustin  process ;  this  is  then  dissolved 
out  by  a  cold  dilute  solution  of  sodium  thiosulphate : 

2  AgCl  +  SNa^SPs  =  Ag2S203,2Na2S203 + 2NaCl. 

The  silver  in  solution  is  precipitated  by  means  of  a  solution 
of  sodium  sulphide,  whereby  silver  sulphide  is  formed  and 
sodium  thiosulphate  regenerated  according  to  the  following 
equation : 

Ag,S,03,2Na,S,03  +  Na,S  =  Ag,S  +  SNa^S^O^. 

Gold,  copper,  and  any  other  heavy  metals  in  solution  are 
precipitated  with  the  silver.  Care  is  taken  to  add  only 
sufficient  sodium  sulphide  to  precipitate  the  metals,  as  the 
liquors  are  used  over  and  over  again  for  the  extraction  of  fresh 
ore.  The  sulphide  precipitate  is  collected  in  a  filter  press, 
dried,  roasted  in  a  muffle,  and  charged  into  a  bath  of  hot 
lead,  the  rich  argentiferous  lead  thus  obtained  being  afterwards 
cupelled. 

Bi(,ssell  Process. — This  consists  in  leaching  the  ores  by  a 
solution  of  sodium -copper  thiosulphate,  which  dissolves  any  gold 
or  silver  in  the  metallic  state,  and  any  sulphide,  arsenate,  or 
antimonate  of  silver  which  is  not  readily  attacked  by  sodium 
thiosulphate  alone.  It  is  therefore  chiefly  used  as  an  auxiliary 
to  the  Patera  process,  the  extraction  with  the  thiosiilphate  of 
sodium  solution  being  followed  by  an  extraction  with  the 
double  thiosulphate.  The  metals  in  solution  are  precipitated 
by  means  of  sodium  sulphide,  and  the  precipitate  treated  with 
hot  concentrated  sulphuric  acid  in  cast-iron  vessels.  This  dis- 
solves the  silver  and  copper  present,  leaving  any  gold  behind. 
From  the  solution  the  silver  is  precipitated  by  means  of 
copper,  and  the  resulting  copper  sulphate  used  for  making 
fresh  leaching  liquors. 
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Glaudet's  Process. — The  burnt  pyrites  of  the  sulphuric  acid 
makers  contains,  as  we  have  seen,  not  only  copper,  but  also 
a  small  quantity  of  silver,  which  occurs  in  the  cupreous  liquors 
in  the  form  of  chloride  dissolved  in  the  excess  of  common  salt. 
Although  the  quantity  of  silver  in  the  burnt  ore  does  not  often 
exceed  12  dwts.  to  the  ton,  it  is  found  possible  to  obtain  this 
economically  in  the  form  of  insoluble  silver  iodide  by  adding  a 
solution  of  iodide  of  potassium,  sodium,  or  zinc  to  the  tank 
liquor,  a  small  trace  of  gold  being  at  the  same  time  precipitated. 
The  precipitate  is  reduced  to  the  metallic  state  by  means  of 
zinc  in  the  presence  of  hydrochloric  acid,  metallic  silver  being 
formed  together  with  zinc  iodide,  which  may  be  used  to 
precipitate  a  further  quantity  of  silver.  The  results  obtained 
at  the  Widnes  Metal-works  by  this  process  show  that  between 
150  and  300  grains  of  silver  and  between  1|  and  3  grains  of 
gold  may  be  extracted  from  each  ton  of  ordinary  Spanish 
pyrites. 

The  Cyanide  Process. — The  solvent  action  of  solutions  of 
potassium  or  sodium  cyanide  on  silver  minerals  has  been  applied 
with  considerable  success  in  Mexico  and  other  countries.  The 
process  consists  in  the  fine  grinding  or  sliming  of  the  ore, 
agitation  by  mechanical  or  aerial  agitators  with  cyanide  solution 
stronger  than  that  used  in  the  extraction  of  gold  (0"7  per  cent, 
instead  of  0'3  per  cent.),  filtration  of  the  silver-bearing  solution 
from  the  slime  and  precipitation  of  the  metallic  silver  by  means 
of  zinc. 

Argentiferoiis  Copper. — Much  silver  is  also  obtained  by  the 
treatment  of  argentiferous  copper  by  an  electrolytic  refining 
process,  the  copper  having  been  reduced  from  argentiferous 
copper  pyrites,  or  obtained  by  Bessemerising  the  copper  mattes 
obtained  from  the  pyritic  smelting  of  mixtures  of  pyritic 
copper  ores  and  argentiferous  materials  (see  Copper). 

Electric  Refining  of  Silver. — Large  quantities  of  silver  are 
refined  by  the  Moebius  process,  in  which  the  electrolyte  consists 
of  a  silver  nitrate  solution  containing  about  one  per  cent,  of 
free  nitric  acid.  Silver  is  deposited  on  the  cathode  and  gold  ia 
left  insoluble.  Copper  is  not  allowed  to  accumulate  in  the 
electrolyte  to  more  than  4  or  5  per  cent. 

The  Total  Production  of  Silver  during  1911  .throughout  the 
world  is  given  in  the  following  table,  expressed  in  ounces.^ 
1  Mineral  Industry,  1911,  20,  284. 
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United  States  of 

America  . 
Australasia  . 
Mexico     .    . 
Eussia     .    . 
Germany     . 
Austria-Hungary 
Belgium     .    . 
Italy   .    . 
Spain  •    . 

Japan     .    .    , 
Dutch  Indies 


57,796,117 

17,109,503 

87,078,764 

160,763 

14,132,805 

1,851,880 

8,037,675 

643,014 

4,179,591 

4,822,605 

515,250 


Greece  .... 
France  .  .  • 
United  Kingdom 
Canada  .  .  . 
Argentina  .  . 
Colombia  .  .  . 
Bolivia  .... 
Chili  .... 
Peru  .  .  . 
Central  America 
Africa  .... 
Other  Countries 


803,768 
1,607,535 

493,720 
33,486,938 

185,000 

914,630 
4,179,591 
1,500,000 
8,037,675 
2,345,000 
1,100,000 

976,966 


Total 251,908,780 


2i6  Preparation  of  Pure  Silver. — The  purest  silver  which 
occurs  in  commerce  contains  traces  of  other  metals.  Stas's 
classical  researches  on  atomic  weight  determinations  have  shown 
how  difficult  it  is  to  obtain  any  substance  chemically  pure, 
and  this  fact  is  especially  well  illustrated  in  the  case  of 
silver,  a  metal  which  possesses  such  characteristic  reactions 
that  one  would  suppose  its  separation  in  a  state  of  chemical 
purity  to  be  an  easy  task,  and  yet  this  is  far  from  being  the 
case. 

Silver  was  obtained  by  Stas  in  a  highly  pure  state  by  the 
reduction  of  carefully  purified  silver  chloride  by  boiling  with 
sodium  hydroxide  solution  and  sugar,  by  reducing  silver  nitrate 
solution  with  ammonium  formate  and  acetate,  and  in  several 
other  ways.  The  precipitated  silver  was  then  dried  by  fusion 
with  borax  or  lime.  Stas's  silver,  however,  probably  contained  a 
little  occluded  oxygen  (Richard  and  Wells). 

Samples  of  silver  in  a  still  purer  state  than  those  obtained 
by  Stas  have  been  prepared  by  Richards  and  Wells  ^  for  use  in 
determinations  of  the  atomic  weights  of  chlorine  and  sodium. 
These  investigators  started  with  silver  nitrate  which  was  puri- 
fied by  repeated  crystallisation  from  water ;  in  one  prepara- 
tion as  many  as  fifteen  recrystallisations  were  performed. 
This  was  converted  into  silver  chloride  with  pure  hydrochloric 
acid,  and  the  well-washed  chloride  reduced  to  metallic  silver  by 
warming  with  a  solution  of  chemically  pure  caustic  soda  and 

'  A  revision  of  the  atomic  weights  of  sodium  and  clilorine  ;  /.  Amer 
Chem.  Soc,  1905,  27,  459. 
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invert-sugar.  The  precipitate  of  silver  was  then  washed  with 
water,  dried,  and  fused  on  pure  lime.  In  this  way  a  button  of 
extremely  pure  silver  was  obtained.  This  was  then  further 
purified  by  making  it  the  anode  of  an  electrolytic  cell  contain- 
ing a  concentrated  solution  of  silver  nitrate  obtained  from  the 
same  preparation  of  silver.  The  cathode  was  a  wire  of  pure 
silver  and  upon  this  crystals  of  electrolytic  silver  were  deposited. 
These  crystals  were  dried  and  fused  on  a  boat  of  pure  lime  in 
an  atmosphere  of  hydrogen  to  remove  any  occluded  oxygen.  The 
bars  of  silver,  so  formed,  were  freed  from  lime  by  rubbing  with 
sand,  and  washed,  first  with  dilute  nitric  acid,  then  with  ammonia 
to  remove  any  silver  nitrate,  and  finally  with  water.  They 
were  then  dried  by  heating  in  a  vacuum  at  400°,  in  a  hard 
glass  tube. 

Kichards  and  Wells  also  prepared  pure  silver  by  dissolving 
commercial  fine  silver  in  dilute  nitric  acid,  and  reducing  the 
nitrate,  after  recrystallising  several  times,  by  boiling  with 
ammonium  formate.  The  white  precipitate  of  silver  was  washed 
repeatedly  with  water  until  the  washings  showed  no  Nessler 
test,  and  was  then  fused  in  hydrogen,  rubbed  with  sand  and 
acid,  and  treated  as  above.  In  all  this  work  vessels  of  silver 
were  used  whenever  possible  in  order  to  prevent  contamination 
with  other  metals,  and  in  other  cases  vessels  of  platinum, 
Jena  glass,  and  fused  quartz  were  employed. 

Pure  silver  is  used  in  the  laboratory  for  volumetric  analysis  and 
for  cupellation  assays.  It  is  not  necessary  for  this  purpose  to 
have  it  so  pure  as  the  metal  employed  for  atomic  weight  deter- 
minations, and  it  may  be  obtained  sufficiently  so  by  boiling 
well-washed  silver  chloride  with  caustic  potash  and  sugar.  The 
point  of  complete  reduction  is  ascertained  by  taking  a  small 
portion  out,  washing  it  well  with  water,  and  dissolving  in  pure 
dilute  nitric  acid ;  if  the  reduction  be  complete  it  will  dissolve 
without  residue.  The  metal  is  then  melted  in  a  crucible 
together  with  some  pure  sodium  carbonate  or  borax. 

Molecidar  silver,  employed  in  organic  chemistry,  is  obtained, 
according  to  Wislicenus,  by  bringing  zinc  into  contact  with 
finely-divided  silver  chloride  which  has  been  precipitated  in  the 
cold  and  washed  until  nearly  free  from  acid.  In  a  few  hours 
the  chloride  is  completely  reduced,  and  the  precipitated  silver 
may  be  separated  from  the  sheet  zinc  by  washing,  and  then 
treated  with  diluted  hydrochloric  acid  to  remove  every  trace  of 
zinc.     It  is  then  brought  on  to  paper  and  dried  in  the  air,  and 
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afterwards  gently  heated  to  150".  Thus  prepared  it  is  a  grey 
powder,  possessing  no  metallic  lustre,  which,  however,  it  assumes 
when  rubbed  under  a  burnisher  or  heated  to  redness. 

217  Pro-perties. — Silver  possesses  a  pure  white  colour,  and 
takes  a  high  polish.  Of  all  the  metals  it  is  the  best  conductor 
of  heat  and  electricity ;  it  is  very  tough  and  malleable,  since  O'l 
gram  can  be  drawn  out  into  a  wire  180  m.  in  length,  and  silver 
leaf  can  be  beaten  out  to  a  thickness  of  0'0002o  mm.  In  the 
finely-divided  state,  as  obtained  by  the  reduction  of  the  chloride 
and  other  salts,  silver  presents  the  appearance  of  a  dull  dark- 
grey  powder. 

Silver  is  precipitated  in  very  thin  films  in  the  form  of  a 
lustrous  metallic  mirror-like  deposit  on  glass  from  ammoniacal 
solution  in  presence  of  many  reducing  agents,  especially  organic 
substances;  it  then  adheres  to  the  glass  and  transmits  blue  light. 

Metallic  silver  is  found  native  in  regular  octahedra,  which 
frequently  occur  twinned,  and  also  in  dendritic  forms.  It 
is  also  often  found  in  the  crystalline  form  in  silver  smelting 
furnaces. 

Silver  fuses  at  a  temperature  of  962"  in  the  absence  of  air, 
and  at  956°  in  the  presence  of  air.  In  the  liquid  state  it 
possesses  the  power  of  absorbing  oxygen  from  the  air,  which  it 
gives  up  on  solidification.  When  a  mass  of  the  metal  is  rapidly 
cooled  the  silver  solidifies  before  the  oxygen  has  escaped  from 
the  interior  ;  this  gas  then  bursts  through  the  crusts,  and  drives 
out  part  of  the  fused  silver  in  globular  masses  and  excrescences ; 
this  peculiar  phenomenon  is  known  as  the  "  spitting  "  of  silver. 
When  charcoal  powder  is  thrown  on  the  surface  of  the  metal 
the  charcoal  withdraws  the  absorbed  oxygen,  and  consequently 
prevents  silver  from  spitting.  The  same  preventive  effect  is 
noticed  when  silver  is  fused  under  common  salt,  but  when 
fused  under  nitre  the  spitting  takes  place.  The  presence  of  5 
per  cent,  of  copper  prevents  the  spitting  of  silver. 

When  silver  is  heated,  and  then  allowed  to  cool  while  ozone 
is  impinging  on  the  surface,  a  black  stain  is  formed  due  to 
partial  oxidation.^  The  maximum  effect  is  produced  at  220° 
to  240°,  and  no  stain  is  produced  above  450°. 

Silver  begins  to  volatilise  at  a  white  heat,  and  when  heated 

in  a  lime  crucible  by  means  of  the  oxyhydrogen  blowpipe  it 

may  be  readily  made  to  boil.     By  this  process  Stas  was  able  to 

distil  fifty  grams  of  pure  silver  in  from  ten  to  fifteen  minutes  ; 

1  Manchot  and  Kampschulte,  Ber.,  1907,  40,  2891. 
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no  residue  whatever  was  left  behind,  and  a  portion  of  the  vapour, 
which  has  a  bright  blue  colour,  was  carried  out  by  the  current 
of  oxygen  gas,  and  rendered  the  air  of  the  laboratory  hazy,  im- 
parting to  it  a  metallic  taste.  Distilled  silver  has  a  specific 
gravity  of  10'4923  (Kahlbaum,  Koth,  and  Siedler) ;  fused  silver 
has  a  specific  gravity  of  from  10'424  to  10'511  (Holzmann) ; 
whilst  silver  which  has  been  exposed  to  pressure  under  the 
coining  press  has  a  specific  gravity  of  10"57  (G.  Eose). 

Silver  foil  becomes  slightly  transparent  in  air  at  240° 
and  more  seat  higher  temperatures;^  heating,  however,  to  500° 
in  hydrogen  or  charcoal  powder  does  not  produce  transparency, 
showing  that  the  presence  of  oxygen  is  necessary  although  the 
quantity  of  oxygen  absorbed  is  very  minute. 

The  vapour  density  of  silver  at  2,000°  has  been  determined 
by  Nernst's  ^  adaptation  for  high  temperatures  of  Victor  Meyer's 
displacement  method,  the  bulb  in  which  the  heating  takes 
place  being  made  of  iridium  coated  inside  with  a  mixture  of 
zirconia  and  yttria,  and  heated  by  means  of  an  electric  current. 
In  this  way  the  molecular  weight  was  found  to  be  107  and  111 ; 
silver  therefore  at  this  temperature  is  monatomic.^ 

Silver  is  often  used  in  the  laboratory  for  the  preparation  of 
chemical  utensils,  as  this  metal  is  not,  like  glass  or  platinum, 
attacked  by  fused  caustic  alkali. 

Colloidal  Silver. — By  the  action  of  different  reducing  agents 
such  as  sodium  tartrate  and  citrate,  ferrous  sulphate,  dextrin, 
and  tannin,  on  solutions  of  silver  salts,  Carey  Lea  *  obtained 
a  number  of  different  precipitates  which  he  regarded  as 
allotropic  forms  of  silver.  This  view  has,  however,  proved 
incorrect,  and  the  differences  between  these  bodies  and  metallic 
silver  are  readily  explained  by  their  fine  state  of  division  and 
by  their  invariably  containing  small  amounts  of  the  other 
products  of  the  reactions.  The  precipitates  readily  dissolve  in 
water  to  form  colloidal  silver  solutions,  or  silver  "  sols,"  which  are 
coagulated  or  re-precipitated  by  the  addition  of  small  amounts 
of  electrolytes. 

1  Turner,  Proc.  Roy.  Soc,  1908,  A.,  81,  301. 

2  Zeit.  Ekktrochem.,  1903,  9,  622.     »  von  Wartenberg,  Ber.,  1906,  39,  331. 
'  Amer.  J.  Sci.,  1889  (3),  37,  476;  38,  47,  129:  Phil.  Mag.,  1891  (5),  31, 

238,  320,  497  ;  32,  337  ;  Amer.  J.  Sci.,  1894  (3),  48,  343.  See  also  Schneider, 
Ber.,  1891,  24,  3370;  1892,  25,  1164,  1281,  1440;  Barus  and  Schneider,  Zett. 
physikal.  Chem.,  1891,  8,  278  ;  Ann.  Phys.  Chem.,  1893,  48,  327 ;  Oberbeck 
ibid.,  1892,  46,  265,  353;  1893,  48,  745;  Blake,  Amer.  J.  tin.,  1963,  [4], 
16,  282. 
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Solutions  of  colloidal  silver  may  also  be  prepared  by  Bredig's 
method,  which  consists  in  passing  an  electric  arc  between  poles 
of  silver  under  water.  In  this  way  a  brown  solution  is  ob- 
tained which  has  the  power  of  rapidly  decomposing  hydrogen 
peroxide.! 

By  heating  silver  nitrate  with  an  alkaline  solution  of  sodium 
lysalbate  or  protalbate,  Paal^  obtained  a  yellow  solution  of 
colloidal  silver,  and  this  on  dialysing  and  concentrating  on  the 
water-bath  yielded  a  deep  brownish-black  powder,  readily 
soluble  in  water.  This  product,  sometimes  termed  collargol,  has 
been  prepared  containing  as  much  as  93  per  cent,  of  silver. 

Colloidal  silver  may  also  be  obtained  by  heating  silver 
nitrate  solution  with  formaldehyde  and  sodium  silicate,  and 
concentrating  the  mixture  on  the  water-bath  ;  *  also  by  boiling 
ammoniacal  silver  nitrate  solution  with  acraldehyde  and  a  small 
quantity  of  gelatin  solution.  By  this  latter  method,  concen- 
trated solutions  of  colloidal  silver,  having  the  colour  of  bromine, 
may  be  prepared  which  may  be  kept  for  years  without  losing 
their  properties  or  changing  colour ;  *  and  several  other  methods 
of  preparing  colloidal  silver  have  been  published.^ 

All  the  colloidal  solutions  described  contain  small  amounts 
of  other  substances  resulting  from  the  original  reactions,  which 
are  "  adsorbed,"  i.e.,  condensed  on  the  silver  particles,  and  cannot 
be  completely  removed.  Even  Bredig's  solutions,  which  are 
not  produced  by  a  reaction  but  by  disintegration  of  solid  silver, 
are  not  pure,  as  they  always  contain  oxides. 


Silvering  and  Plating. 

218  Objects  made  of  copper,  or  of  brass,  bronze,  German 
silver  or  similar  alloy,  are  frequently  silvered  to  give  a  bright 
and  permanent  surface  to  these  metals.  If  the  covering  of 
silver  be  thick  the  goods  are  said  to  be  plated ;  if  thin,  they 
are  said  to  be  silvered.  Silvering  may  be  effected  in  several 
ways,  the  following  process,  for  example,  being  employed   for 

1  Bredig,  Anorganische  Ferme-iUe  (Engelmann,  Leipzig  1901) 

2  Ber.,  1902,  35,  2206. 

"  Kfispert,  Ber.,  1902,  35,  2815,  4066  and  4070. 

'  N.  Castoro,  Gazz.,  1907,  37,  391. 

^  Lottermoser  and  von  Meyer,  J.  pr.  Chem.,  1897,  56,  241  ;  1898,  [ii.],  57, 
540,  Lottermoser,  ibid.,  1905,  [ii.],  71,  296;  Gutbier  and  Hofmeier,  Zeif. 
anorg.  CMm.,  1905,  45,  77.  See  also  an  Introduction  to  the  Physics  and 
Chemistry  of  Colloids,  by  Emil  Hatschek  (J.  and  A.  Churchill). 
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silvering  small  articles  such  as  pins,  buttons,  &c.  For  this 
purpose  a  solution  of  silver  chloride  in  sodium  sulphite  or 
thiosulphate,  or  in  common  salt,  or  cream  of  tartar,  is  employed ; 
a  warm  solution  is  used,  and  the  silver  is  instantly  deposited 
upon  the  metallic  object. 

The  plating  of  copper  is  effected  by  polishing  the  surface  of 
the  ingot  which  is  to  be  plated,  and  then  placing  upon  it  a 
strip  of  bright  silver,  the  area  of  which  is  somewhat  smaller 
than  that  of  the  copper ;  the  compound  ingot  is  then  exposed 
to  a  temperature  slightly  below  the  fusing  point  of  silver,  and 
by  hammering  or  rolling  at  this  temperature  the  two  metals  are 
sweated  together,  as  it  is  termed ;  no  soldering  is  employed  in 
this  process ;  the  ingot  is  then  rolled  until  it  is  reduced  to  the 
required  thickness. 

Electro-deposition  of  Silver. — The  process  of  electro-plating 
in  silver  was  discovered  by  Wright  and  Parkes  of  Birmingham, 
in  the  year  1840.  They  were  employed  during  that  year  in 
making  experiments-  with  a  view  of  obtaining  a  bright  and  firm 
deposit  of  metallic  silver  by  an  electro -process  similar  to  that 
by  which  Jacobi,  Jordan,  and  Spencer  had  succeeded  in 
obtaining  the  deposition  of  copper.  Their  attempts,  however, 
were  not  completely  successful,  inasmuch  as  they  either  obtained 
only  a  very  thin  coherent  film  or  else  the  whole  of  the  silver 
was  thrown  down  in  the  form  of  a  grey  powder.  At  this 
juncture  Wright  met  with  a  passage  in  Scheele's  Chemical 
Essays  (pp.  404-406),  which  soon  proved  of  the  highest  import- 
ance to  the  commercial  success  of  his  undertaking,  by  enabling 
him  to  obtain  suitable  deposits  of  silver  and  gold.  Speaking  of 
the  solubility  of  the  oxides  and  cyanides  of  gold,  silver,  and 
copper,  Scheele  says  that,  "  if  these  calces  (that  is  the  cyanides 
of  gold  and  silver)  have  been  precipitated,  and  a  sufficient 
quantity  of  the  precipitating  liquor  be  added  in  order  to  redis- 
solve  them,  the  solution  remains  clear  in  the  open  air,  and  in 
this  state  the  aerial  acid  (that  is,  the  carbonic  acid  of  the  air) 
does  not  precipitate  the  metallic  calx."  ^  Working  with  this 
idea,  Wright  first  employed  a  solution  of  chloride  of  silver  in 
potassium  ferrocyanide,  and  quickly  got  a  thick  deposit  of  firm 
and  white  silver,  a  result  which  had  never  previously  been 
obtained.  Soon  afterwards  he  found  that  the  solution  of  silver 
cyanide  in  cyanide  of  potassium  gave  still  better  results  ;  and, 
submitting  his  results  to  the  well-known  firm  of  G.  R.  and  H. 
1  Gore,  Ekotro-MUallargy,  p.  19. 
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Elkington,  a  patent  was  taken  out,  and  this  patent  process 
proved  to  be  the  foundation  of  all  electro-plating  of  gold  and 
silver,  because  it  included  the  solutions  of  the  alkali  cyanides, 
the  only  liquids  which  fulfil  all  the  necessary  conditions.  The 
silver-plating  solution  consists  of  a  solution  of  cyanide  of  silver 
in  cyanide  of  potassium,  an  excess  of  the  cyanide  of  potassium 
being  added  in  order  that  no  cyanide  of  silver  shall  separate  out 
on  the  positive  pole,  which  always  consists  of  silver.  The 
action  which  takes  place  in  this  electrolysis  is  the  same  as  that 
described  under  copper  electro-plating.  The  negative  pole  is 
connected  with  the  object  to  be  silvered,  and  upon  this  the 
silver  is  deposited,  whilst  at  the  positive  pole  the  radical 
CN  combines  with  the  silver  which  forms  the  pole,  and 
the  cyanide  of  silver  thus  formed  dissolves  in  the  excess  of 
potassium  cyanide.^ 

Silvering  of  Glass  SjJecula  and  Mirrors. — Many  organic  bodies 
such  as  milk-sugar  possess  the  power  of  precipitating  silver  in 
the  form  of  a  highly  coherent  mirror  whert  brought  into  contact 
with  an  alkaline  silver  solution. 


ALLOYS  OF  SILVER. 

219  The  presence  of  small  quantities  of  other  metals,  such  as 
antimony,  arsenic,  bismuth,  tin,  or  zinc,  renders  silver  brittle 
and  liable  to  crack  when  rolled.  The  alloys  of  silver  and  copper 
are  the  only  ones  which  are  largely  used  in  the  arts.  Almost 
al  commercial  silver  is  alloyed  with  copper,  as  pure  silver  is  too 
soft  for  ordinary  purposes  such  as  coining  and  jewellery  work. 
The  addition  of  a  small  quantity  of  copper  imparts  to  it  a 
sufficient  degree  of  hardness,  and  makes  it  tougher  as  well  as 
more  easily  fusible.  Thus,  for  instance,  a  wire  of  pure  silver 
having  a  sectional  area  of  1  sq.  cm.  breaks  with  a  weight  of 
about  2,800  kilos.,  whereas  if  it  be  alloyed  with  25  per  cent,  of 
copper  and  drawn  cold,  it  will  sustain  a  weight  of  from  6,000  to 
9,000  kilos. ;  after  annealing  it  becomes  soft,  and  breaks  with  a 
weight  of  from  3,800  to  4,800  kilos.  It  has  been  found  that 
alloys  of  copper  and  silver,  however  perfectly  the  metals  may  be 
mixed  and  melted  together,  undergo  on  solidification  a  process 
of  liquation,  the  upper  and   the   lower  portions  of  the  ingot 

1  Further  particulars  respecting  this  interesting  process  will  be  found  in 
Gore's  Electro- Metallurgy, 
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differing  in  fineness  from  0'002  to  0'015.  LevoP  has  shown 
that  the  only  alloy  of  these  metals  which  does  not  exhibit  this 
peculiarity  is  one  having  the  specific  gravity  9'9045,  and  con- 
taining 28  per  cent,  of  copper,  this  is  now  recognised  as  the 
eutectic  alloy  of  the  series.  The  fineness  of  silver  alloy  is 
generally  calculated  upon  a  thousand  parts  ;  thus,  for  instance, 
the  one  above  mentioned  will  have  a  fineness  of  720.  The  colour 
of  the  silver-copper  alloys  becomes  more  and  more  red  as  the 
percentage  of  copper  is  increased,  but  an  alloy  of  1  part  of  silver 
and  4  of  copper  does  not  possess  the  true  copper  colour. 

Silver  Coin. — The  proportion  of  copper  in  the  standard  silver 
used  in  different  countries  varies  considerably.  The  English 
standard  coinage  silver  contains  7 '5  per  cent,  of  copper,  or  has  a 
fineness  of  925  ;  the  specific  gravity  of  the  English  silver  is  10"30. 
In  France  three  standard  alloys  are  employed  ;  one  containing 
950  per  mille  of  silver  for  medals  and  plate  ;  another  containing 
900  per  mille  for  coin ;  and  a  third  containing  800  per  mille  for 
jewellery  work.  In  Germany  and  Austria  the  standard  for  coin 
contains  900  per  mille  of  silver.  The  German  alloy  used  for 
silver-plating  contains  from  700  to  810  per  mille  of  silver. 

The  present  composition  of  British  silver  coin  is  the  same 
as  that  issued  in  the  time  of  Edward  I.,  the  alloy  in  this  reign 
containing  925  of  fine  silver  and  being  described  as  "  the  old 
standard  of  England." 

Up  to  the  year  1851  the  manufacture  of  coin  was  entrusted  to 
a  private  company  termed  the  moneyers,  who  had  to  produce 
coin  varying  within  very  narrow  limits,  the  alloy  thus  produced 
being  compared  with  plates  of  standard  silver  termed  "  standard 
trial  plates."  Since  the  above  year,  the  business  of  coining  has 
devolved  upon  the  Government,  the  Chancellor  of  the  Exchequer 
being  Master  of  the  Mint.  The  ancient  ceremony  of  the  "  trial 
of  the  pyx  "  is,  however,  still  carried  on  every  year.  This  con- 
sists in  a  public  trial  by  competent  assayers  appointed  by  the 
freemen  of  the  Goldsmiths'  Company  of  the  coin  (both  gold  and 
silver)  issued  during  the  year.  By  this  means  the  accuracy  of 
the  coin  both  as  to  fineness  and  as  to  weight  is  ascertained,  and 
this  trial  served  in  former  days  as  the  only  safeguard  against 
debasement  of  the  coinage.  The  fineness  of  the  coins  is  ascer- 
tained at  the  trial  of  the  pyx  by  reference  to  the  trial  plates 
whose  composition  has  been  determined  with  the  greatest 
accuracy, 

1  Ann.  Chim.  Phys.,  1849,  [3],  26,  220. 
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The  following  table  gives  the  accurate  composition  of  trial 
plates  of  various  dates,  portions  of  which  have  been  preserved 
and  analysed  ^  in  the  Royal  Mint.  The  plates  made  in  former 
times,  when  no  accurate  means  of  analysis  existed,  show  con- 
siderable variation  in  the  composition  of  the  silver  standard 
plates,  the  standard  prescribed  by  law  being  in  each  case  the 
same,  viz.,  925  : — 

Date  Fineness 

1477 923-5 

1560 930'2 

1660 924-2 

1728 928-9 

1829 925-0 

1873 924-96 


COMPOUNDS  OF  SILVER. 

Silver  and  Oxygen. 

220  Silver  forms  two  oxides : — 

Silver  oxide,  Ag^O. 

Silver  peroxide,  AgO,  or  Agfi^- 

A  third  oxide  known  as  silver  suboxide  was  described  by 
Wohler,"2  who  obtained  it  by  acting  on  different  silver  salts  with 
hydrogen,  and  by  heating  silver  citrate  in  hydrogen,  and  treat- 
ing the  solution  of  the  residue,  which  he  supposed  to  contain 
silver  subcitrate,  with  caustic  potash.  Further  investigations 
by  Bailey  and  Fowler  ^  and  by  Muthmann  have  shown  that 
such  an  oxide  does  not  exist,  the  substance  thus  described 
being  a  mixture  of  silver  and  silver  oxide.*  The  peculiar  red 
colour  of  the  supposed  solution  of  silver  subcitrate  is  due  to  very 
finely  divided  silver. 

Silver  Oxide,  Agp.— This  is  the  best  defined  oxide  of  silver 
and  is  obtained  by  precipitating  silver  nitrate  with  pure  potash 
or  soda.  Thus  prepared  it  forms  a  brown  precipitate,  which 
when  dried  at  a  temperature  of  from  60  to  80°,  becomes  almost 

1  Roberts,  Journ.  Chem.  Soc,  1874,  27,  197. 

2  Annalen,  1839,  30,  1.  3  Journ.  Chem.  Soc,  1887,  51,  416. 

"  See  also  Lewis,  /.  Amer.  Chem.  Sac,  1906,  28,  139  ;  Luther  and  Pokorny, 
Zeit.  anorg.  Chem.,  1908,  57,  290. 
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black.  When  freshly  precipitated  silver  chloride  is  boiled  with 
an  excess  of  caustic  potash,  the  same  oxide  is  obtained  in  the 
form  of  a  finely  divided  bluish-black  powder.  It  is  soluble  in 
15,360  parts  of  water  at  ordinary  temperatures,^  imparting  to 
the  solution  a  metallic  taste  and  an  alkaline  reaction.  In  the 
moist  condition  it  absorbs  carbon  dioxide  from  the  air,  whilst 
carbonic  oxide  reduces  the  dried  oxide  at  the  ordinary  tempera- 
tures with  formation  of  silver  and  carbon  dioxide.^ 

It  decomposes  soluble  chlorides  with  formation  of  silver 
chloride,  and  precipitates  the  corresponding  oxides  from  solutions 
of  many  metallic  salts.  When  heated  to  250°  it  begins  to 
decompose,  and  it  loses  the  whole  of  its  oxygen  at  300°.  It  is 
reduced  by  hydrogen  at  the  ordinary  temperature  in  the  presence 
of  a  trace  of  water ,^  but  large  quantities  of  water  retard  this 
reaction.  When  rubbed  in  a  mortar  with  antimony  sulphide, 
arsenic  sulphide,  milk  of  sulphur,  amorphous  phosphorus,  tannic 
acid,  or  other  easily  oxidisable  substances,  ignition  takes  place. 
It  is  dissolved  by  ammonia,  the  solution  on  exposure  to  air 
yielding  fulminating  silver,  a  black  explosive  compound  which 
has  the  composition  NAgg  (p.  478)  *. 

Silver  oxide  corresponds  to  the  only  well-defined  series  of 
silver  salts,  which  may  frequently  be  obtained  from  it  by  the 
action  of  the  corresponding  acid,  but  are  usually  formed  by 
double  decomposition,  as  most  of  them  are  insoluble  in  water, 
the  principal  exceptions  being  the  nitrate  and  fluoride,  which 
are  readily  soluble,  and  the  sulphate  and  nitrite,  which  are 
sparingly  soluble.  The  salts  with  colourless  acids  are  usually 
colourless,  but  a  few,  such  as  the  bromide,  iodide,  phosphate,  and 
arsenate,  are  coloured.  The  soluble  salts  have  a  neutral  reaction 
and  unpleasant  metallic  taste,  and  are  poisonous.  Many  silver 
salts,  such  as  the  sulphate  and  thiosulphate,  are  isomorphous 
with  the  corresponding  salts  of  sodium  and  lithium. 

Silver  Peroxide,  AgjOg.— In  1804  Kitter  obtained  a  black 
crystalline  powder  by  passing  an  electric  current  between 
platinum  electrodes  through  an  aqueous  solution  of  silver 
nitrate.  This  substance,  which  separated  out  at  the  anode  in 
small  octahedra,  was  found  to  give  off  oxygen  when  heated,  and 
was  for  a  long  time  considered  to  be  silver  peroxide. 

1  Levi,  Gazz.,  1901,  31,  ii.,  1. 

2  Dejust,  Oompt  rend.,  1905,  140,  1250. 

3  Kohlschiitter,  Zeit.  Electrochem. ,  1908,  14,  49. 

*  (See  also  Matignon,  Bull.  Soc.  Mm.,  1908,  iv.,  3,  618. 
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Subsequent  analyses,^  however,  have  shown  that  it  contains 
nitrogen  and  has  the  constant  composition  represented  by  the 
formula  AgyNO^i  or  3Ag202,AgN03,20,  and  the  name  of  silver 
peroxynitrate  is  generally  given  to  it.  It  has  been  pointed  out, 
however,  that  when  the  assumption  is  made  that  the  nitrate  in 
the  precipitate  is  present  as  silver  nitrate,  the  results  indicate 
that  the  oxide  formed  has  the  formula  Agfi^.'^  Black  powders 
are  also  obtained  by  the  electrolysis  of  solutions  of  other  salts  of 
silver;  thus  the  sulphate  yields  silver  peroxysulphate,^  BAg^O^' 
2Ag^S0^,  whilst  silver  fluoride  gives  the  peroxy fluorides,^ 
AgisFsOis,  and  Ag.FOg. 

Silver  peroxide  has  also  been  obtained  as  a  black  precipitate 
by  the  action  of  potassium  persulphate  solution  on  silver  nitrate 
or  silver  sulphate,^  whilst  it  is  stated  to  be  formed  when  ozone 
acts  on  silver  oxide  and  on  silver  (see  p.  458). 

The  black  substance,  stated  to  be  prepared  by  Wohler  by 
the  electrolysis  of  dilute  sulphuric  acid  using  a  silver  anode,  is 
probably  not  the  peroxide,  but  the  peroxysulphate. 

Silver  peroxide,  as  prepared  from  the  peroxynitrate,  is  a  grey 
powder  of  specific  gravity  7-44  (Watson).  It  may  be  heated 
to  100°  without  decomposition,  but  at  higher  temperatures  is 
decomposed  into  its  elements,  whilst  when  heated  with  dilute 
sulphuric  acid  it  evolves  half  its  oxygen,  silver  sulphate  being 
formed.  When  treated  with  ammonia,  nitrogen  is  liberated,"  in 
an  amount  corresponding  with  the  equation  : 

GAg^Oa  +  2NH3  =  3Ag,03+ N2  +  SHp. 

The  oxide  Ag^Og  has,  however,  not  yet  been  isolated. 

Silver  and  the  Halogens. 

221  Silver  Sulfluoride,  AgjF,  is  obtained  as  a  bronze-like 
crystalline  powder  by  heating   a   saturated   solution  of  silver 

1  Mulder  and  Heringa,  Rec.  trav.  cUm.,  1896,  15,  1  and  235  ;  Mulder, 
Rec.  trav.  chim.,  1896,  16,  57;  1903,  22,  235  and  405;  Sulo,  Zeit.  anorg. 
Chem.,  1896,  12,  89  and  180;  1900,  24,  305;  Watson,  Joum.  Ckem.  Soc, 
1906,  89,  578  ;  Barbieri,  Atti.  R.  Accad.  Lined,  1906,  [v.],  15,  i.,  500. 

2  Baborovsky  and  Kuzma,  Zeit.  phijsikal.  Chem.,  1909,  67,  48  ;  see  also 
Zeit.  Mectrochemie,  1908,  14,  196. 

3  Mulder,  Proc.  K.  Akad.  Wetensch.  Amsterdam,  1898 ;  Rec.  trav. 
chim.,  1900,  19,  115. 

■*  Tanatar,  Zeit.  anorcj.  Chem.,  1901,  28,  331. 

5  Marshall,    Proc.    Roy.    Soc.    FAin.,    1900,    23,    163;     1902,    24,    88; 
Joum.  Chem.  Soc,  1891,  59,  771. 
•^  Watson,  Joum.  Chem.  Soc,  1906,  89,  578. 
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fluoride  with  metallic  silver,  and  is  reconverted  into  these  by 
the  addition  of  an  excess  of  water.^  According  to  Vanino  and 
Sachs,^  however,  it  is  not  a  true  compound,  but  a  mixture  of 
silver  fluoride,  silver,  and  silver  oxide  in  varying  proportions. 

Silver  Fluoride,  AgF. — Hydrofluoric  acid  does  not  act  upon 
metallic  silver,  but  the  fluoride  is  obtained  by  dissolving  silver 
oxide  or  carbonate  in  aqueous  hydrofluoric  acid  and  evapor- 
ating to  dryness.  If  the  solution  be  allowed  to  evaporate  in  a 
vacuum,  colourless,  lustrous,  deliquescent,  tetragonal  pyramids 
are  deposited,  having  the  composition  AgFjHgO  (Marignac), 
whilst  the  concentrated  solution  when  allowed  to  stand  exposed 
to  the  air  deposits  hard  transparent  prisms  of  the  compound 
AgF,2H20,  which  are  nearly  as  deliquescent  as  calcium  chloride- 
Under  the  influence  of  light,  solutions  of  silver  fluoride  are 
decomposed  with  the  formation  of  silver  subfluoride  and  silver 
peroxide.*  It  is  extremely  difficult  to  obtain  silver  fluoride  in 
the  anhydrous  state.  The  hydrate  AgF.HgO  decomposes  when 
dried  in  a  vacuum,  and  yields  a  brown  amorphous  mass  which 
still  contains  1'5  per  cent,  of  water,  and  dissolves  in  0'85  part 
of  water  at  15°'5.  When  heated  to  the  melting  point  of  lead  in  a 
covered  crucible,  0'5  per  cent,  less  than  the  calculated  quantity 
of  water  is  given  off",  together  with  some  hydrofluoric  acid  and 
oxygen : 

4  AgF  +  2H2O  =  4Ag  +  4HF  +  0^. 

This  decomposition  goes  on  until  all  the  water  is  driven  off  and 
the  salt  melted,  and  from  this  point  it  can  be  heated  in 
absence  of  air  up  to  the  melting  point  of  silver  without  any 
further  decomposition  taking  place.*  The  fused  salt  solidifies 
to  a  black  mass  which  is  elastic  and  may  be  cut  with  scissors. 
In  the  fused  state  it  conducts  electricity  without  being  decom- 
posed. The  dry  pulverulent  salt  absorbs  844  times  its  volume 
of  ammonia. 

It  has  been  proposed  to  employ  silver  fluoride,  under  the 
name  of  tachyol,  for  the  disinfection  of  drinking  water.  ^ 

Silver  Chloride,  AgCl,  occurs  as  the  mineral  cUorargyrite  or 
horn-silver,  which  crystallises  in  octahedra  and  other  forms  of 
the  regular  system,  but  is  more  frequently  found  as  a  massive 

'  Guutz,  Oompt.  rend.,  1890,  110,  1337. 

=  Zeit.  anal.  Chem.,  1911,  50,  623. 

^  Eisenreioli,  Zeit.  physikal.  Ohem.,  1911,  76,  643. 

*  Gore,  Phil.  Trans.,  1871,  161,  321. 

^  Pateruo  and  Cingolani,  Gazz.,  1907,  37,  1313. 
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wax- like  mass,  which  generally  has  a  pearl-grey  colour,  though 
sometimes  it  possesses  a  whitish  and  sometimes  a  violet-blue 
colour.  It  occurs  at  Andreasberg,  mixed  with  alumina,  as  an 
earthy  mass  which  is  called  butter-milk  ore,  and  this  ore  was 
known  to  the  older  mineralogists.  Gesner,  in  1665,  terms  horn- 
silver  Argentum  cornu  pellucido  simile,  and  Matthesius,  in 
his  Berg-Postilla,  published  in  1585,  terms  it  "glass-ore, 
transparent  like  horn  in  a  lantern."  The  largest  masses  are 
brought  from  Peru,  Chili,  and  Mexico,  and  the  mineral  also 
occurs  in  Cornwall,  in  Nevada,  where  it  is  abundant,  in  Arizona 
and  other  localities.  The  method  of  preparing  silver  chloride 
artificially  was  probably  known  to  the  old  alchemists,  but  it  is 
first  distinctly  mentioned  in  the  works  of  "Basil  Valentine," 
who  says :  "  Common  salt  throws  down  D."  This  precipitate 
was  afterwards  termed  Lac  argenti,  and  when  it  was  found  that 
it  was  fusible,  and  solidified  to  a  transparent  horn-like  mass, 
the  name  Luna  cornea,  first  mentioned  by  Croll  in  1608,  was 
given  to  it.  Libavius  stated  that  the  substance  obtained  by 
precipitating  silver  solution  with  common  salt  weighed  less 
than  the  silver  itself,  but  this  statement  was  contradicted  by 
Boyle ;  and  Kunkel,  in  his  Laboratorium  Chymicum,  speaking  of 
this,  says  that  many  substances  are  difficult  to  separate  from 
one  another  :  "  Such  is  seen  in  })  cornea,  as  12  loth  J  retain  out 
of  the  common  salt,  4  loth  terra  and  salt."  This  determination 
is  in  fact  nearly  correct,  for  12  parts  of  silver  form  15'94  parts 
of  silver  chloride. 

Silver  chloride  is  formed,  without  the  phenomenon  of  incan- 
descence, when  chlorine  is  passed  over  silver  at  a  dull-red  heat 
(Stas).  It  is  also  formed  by  the  action  of  hydrochloric  acid  on 
the  ignited  metal,  whilst  on  the  other  hand  hydrogen  is  able  to 
reduce  silver  chloride  to  the  metal  (Boussingault).  Aqueous 
hydrochloric  acid  converts  the  surface  of  metallic  silver  into 
chloride  of  silver,  and  common  salt  solution  acts  in  a  similar 
way.  Proust  examined  some  piasters  which  had  for  many  years 
lain  at  the  bottom  of  the  sea,  and  he  found  that  the  whole  of 
the  silver  was  converted  into  chloride.  In  order  to  prepare  pure 
chloride  of  silver  a  solution  of  the  nitrate  is  precipitated  by 
hydrochloric  acid  or  common  salt ;  in  this  way  a  white  curdy 
precipitate  is  obtained  which,  on  standing,  or  more  quickly  on 
agitation,  becomes  powdery.  This  precipitate  must  be  washed 
and  dried  in  absence  of  light.  It  has  a  specific  gravity  of  5-5. 
On  heating,  silver  chloride  assumes  a  yellow  colour  and  melts 
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at  460°,  forming  a  dark-yellow  liquid.  This  solidifies  on  cooling, 
forming  a  botryoidal,  colourless,  tough,  solid  mass  which  refracts 
light  strongly,  and  is  so  soft  as  to  take  impressions  of  the  nail. 

Silver  chloride  and  sodium  chloride  when  melted  together 
and  cooled,  form  brittle,  crystalline  masses  which  are  homo- 
geneous 1 ;  the  melting  points  vary  from  460°  (AgCl)  to  792° 
(NaCl),  showing  that  the  salts  form  an  unbroken  series  of  mixed 
crystals. 

Silver  chloride  volatilises  at  a  white  heat,  the  vapour  density  ^ 
agreeing  approximately  with  the  formula  AgCl. 

According  to  Stas,^  fused  chloride  of  silver  is  absolutely  in- 
soluble in  water  at  the  ordinary  temperature,  or  at  any  rate  its 
solubility  does  not  reach  the  limit  of  our  present  tests  for 
chlorine,  which  Stas  places  at  1  in  10,000,000.  In  boiling  water, 
on  the  other  hand,  it  is  appreciably  soluble. 

The  freshly  precipitated  curdy  chloride  is  slightly  soluble  in 
cold  water,  but  the  solubility  becomes  less  when  the  precipitate 
has  become  powdery  by  standing  or  shaking,  measurements  of  the 
electrical  conductivity  showing  that  this  form  dissolves  to  the 
extent  of  0-00152  grm.*  at  18°,  and  00218  grm.^  at  100°  in 
1  litre  of  water.  The  solution  becomes  opalescent  on  the 
addition  of  either  silver  nitrate  or  hydrochloric  acid.  The 
presence  of  nitric  acid  does  not  affect  the  solubility  of  the  curdy 
chloride,  whereas  the  solubility  of  the  powdery  form  increases 
proportionally  to  the  amount  of  nitric  acid  added :  100,000  parts 
of  concentrated  nitric  acid  dissolve  2  parts  of  the  freshly  pre- 
pared silver  chloride  (Thorpe) ;  on  boiling,  it  is  decomposed  into 
nitrate  with  evolution  of  chlorine.  One  part  of  silver  chloride 
dissolves  in  about  200  parts  of  concentrated  hydrochloric  acid, 
and  in  600  parts  of  the  acid  diluted  with  an  equal  bulk  of 
water.  Soluble  chlorides,  such  as  sal-ammoniac  and  common 
salt,  dissolve  silver  chloride  tolerably  easily,  and  it  is  very 
soluble  in  ammonia,  12-88  parts  of  aqueous  ammonia  of  specific 
gravity  0-89  dissolving  1  part  of  silver  chloride  (Wallace  and 
Lament).  It  is  likewise  dissolved  in  quantity  by  mercuric 
nitrate,  sodium  thiosulphate,  and  potassium  cyanide. 

Various  metals,  such  as  iron  and  zinc,  reduce  the  chloride  to 
the  state  of  metal  in  the  presence  of  water,  more  rapidly  in 

1  Botta,  aentr.  Min.,  1911,  138.        ^  Zeit.  pTiysihal.  Chem.,  1889,  4,  267. 

3  Compt.  rend.,  1871,  73,  998. 

^  Kohlrausch  and  Rose,  Zeil.  phyiikal.  Chem.,  1893,  12,  242. 

^  Bijttger,  Zeit.  physikat.  Ghent.,  1906,  56,  83. 
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presence  of  hydrochloric  acid  and  sulphuric  acid.  It  is  also 
decomposed  by  mercury  when  a  solution  of  common  salt  is 
.present.  Cold  sulphuric  acid  does  not  act  upon  it,  but  it  is 
decomposed  slowly,  though  completely,  by  the  boiling  acid  with 
evolution  of  hydrochloric  acid.^  Concentrated  hydriodic  acid 
converts  it  with  evolution  of  heat  into  silver  iodide  (Deville), 
and  if  moist,  freshly  precipitated  chloride  be  treated  with  a 
solution  of  bromide  of  potassium,  or  iodide  of  potassium,  it  is 
completely  converted  into  silver  bromide  or  iodide.^ 

White  silver  chloride,  obtained  by  precipitation,  when  exposed 
to  light,  is  first  coloured  violet,  then  brownish-grey,  and  after- 
wards black.  This  alteration  in  colour  was  known  to  Boyle,^ 
who,  however,  ascribed  it  to  the  action  of  the  air.  Scheele  * 
afterwards  proved  that  it  was  only  discoloured  on  exposure  to 
light,  and  he  also  showed  that  in  this  reaction  hydrochloric  acid 
was  liberated  and  that  on  treating  the  residue  with  ammonia 
black  flakes  of  silver  remained  behind. 

It  has  been  shown  by  Abney  and  by  Baker  that  the  pure  dry 
chloride  does  not  blacken  when  exposed  to  light  in  a  vacuous 
tube,  in  perfectly  dry  oxygen,  or  under  pure  carbon  tetrachloride 
in  the  absence  of  oxygen.  Baker  ^  has  also  shown  that  not  only 
is  chlorine  lost  when  the  chloride  blackens,  but  that  oxygen  is 
at  the  same  time  absorbed,  an  oxychloride  of  silver,  AggClO, 
being  probably  formed.  The  amount  of  silver  chloride  which 
undergoes  this  change  is,  however,  extremely  small,  even  when 
a  large  quantity  is  exposed  for  a  long  period.  The  blackening 
is  accelerated  by  the  presence  of  substances  which  are  capable 
of  taking  up  chlorine,  such  as  water,  silver  nitrate,  stannous 
chloride,  &c.,  and  retarded  by  such  as  readily  give  up 
chlorine,  such  as  chlorine  water  and  ferric  chloride.  Some 
chemists  still  support  the  view  that  a  sub-chloride  of  silver  is 
produced. 

Sonstadt^  states  that  hydrogen  peroxide  is  always  formed 
when  light  acts  on  silver  chloride.  The  same  chemist  finds  that 
if  silver  chloride  be  sealed  up  in  a  tube  and  blackened  by  expo- 
sure to  light,  a  reversion  to  white  silver  chloride  takes  place 
when  the  tube  is  kept  in  the  dark :  whereas  if  the  products  of 
decomposition  of  the  choride  by  light  are  removed  by  sealing 

^  Sauer,  Zeit.  anal.  Ohem.,  1873,  376. 

2  Field,  Journ.  Chem.  Soc,  1858,  234.  s  Op.  I.,  756. 

*  Von  der  Luft  und  dem  Fener,  Leipzig,  1784,  p.  64. 

5  Journ.  Chem.  Soc,  1892,  41,  728.        "  p,.^^  Qf^^^_  ^^^_^  jggg_  3^j_ 
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up  calcium  chloride  and  ammonia  in  another  part  of  the  tube 
containing  the  silver  chloride,  no  bleaching  of  the  blackened 
compound  takes  place  in  the  dark. 

Silver  Chloride  and  Ammonia. — Glauber  states  that  a 
calx  is  formed  when  silver  solution  is  precipitated  by- 
common  salt,  and  he  adds  that  the  calx  "  readily  dissolves 
in  spiritu  urinw,  salis  armoniaci,  cornu  Cervi,  succini,  fuliginis 
et  capillonim,  and  may  be  used  to  form  a  good  medicament." 
Faraday^  first  obtained  a  compound  by  the  direct  union  of 
ammonia  and  silver  chloride  by  saturating  dry  precipitated 
silver  chloride  with  ammonia;  100  grains  or  6-48  grams  ab- 
sorbed 130  cubic  inches  or  2'13  litres  of  the  gas.  The  absorbed 
ammonia  is  again  given  off  at  37°-7  (Faraday).  When  heated  in 
a  closed  tube  for  the  purpose  of  obtaining  liquid  ammonia,  the 
compound  fuses  between  88°  and  95",  swells  up,  and  begins  to  boil 
at  99°,  losing  ammonia  and  gradually  becoming  white.  Two 
compounds  are  formed  by  the  direct  union  of  ammonia  with 
silver  chloride ;  AgCljSNHg,  which  has  a  dissociation  pressure 
of  618  mm.  at  15°,  and  2AgCl,3NH3,  the  dissociation  pressure 
of  which  is  38'3  at  the  same  temperature.^ 

When  a  solution  of  silver  chloride  in  concentrated  ammonia 
is  rapidly  evaporated,  silver  chloride  crystallises  out  in  glittering 
octahedra,  but  if  it  be  allowed  to  evaporate  at  ordinary  temper- 
atures over  quicklime,  the  compound  2AgCl,3NH3  separates  out 
in  colourless,  birefractive  prisms  which  are  not  affected  by  light.* 
On  the  other  hand,*  a  solution  of  silver  chloride  in  liquid 
ammonia,  when  evaporated  at  — 40°  to  — 20°,  deposits  long 
colourless  needles  of  the  composition  AgCl,3NH3. 

Bodlander  and  Fittig  ^  have  shown  that  solutions  of  silver 
chloride  in  ammonia  contain  the  silver  almost  exclusively  as  the 
complex  Ag(NB[3)2Cl,  although  the  solid  in  contact  with  the 
solution  has  the  formula  2AgCl,3NH3. 

Silver  Bromide,   AgBr,    occurs   in  Chili  and  Mexico  as  the 

mineral  bromargyrite,  being  usually  found  in  small  yellow  or 

greenish  masses,  rarely  crystalline.     The  mineral  embolite  is 

a  mixture  of  silver  chloride  and  bromide,  varying  from  three  of 

the  latter  to  one  of  the  former  to  the  reverse  proportion.     It 

likewise  occurs  in  Chili  and  Mexico,  and  is  very  similar  to  the 

'  Quart.  Journ.  of  Science,  1818,  5,  74. 

'  Horstmann,  £er.,  1876,  9,  756. 

■>  Jarry,  Ann.  Chim.  Phys.,  1899  [4],  17,  327. 

*  Jarry,  Gompt.  rend.,  1897,  124,  288, 

=  Zeit. phyaikal.  Ohem.,  1902,  39,  597  ;  see  also  Straub,  ibid.,  1911,  77,  331. 
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foregoing  mineral.  When  an  excess  of  silver  nitrate  is  precipi- 
tated in  the  dark  with  hydrobromic  acid,  a  white  curdy  pre- 
cipitate is  obtained  which  in  contact  with  potassium  bromide, 
or  on  heating,  becomes  yellow.  It  melts  at  42fi°,  and  is  soluble 
in  a  hot  solution  of  hydrobromic  acid,  and  in  a  solution  of  mer- 
curic nitrate,  separating  out  in  octahedra  from  these  solutions 
on  cooling. 

The  solubility  of  silver  bromide  in  water  has  been  determined 
by  measuring  the  electrical  conductivity  of  the  solution,  and  has 
been  found  to  be  0'107  mgr.  per  litre  at  21V  and  3'7  mgr.  at 

Silver  bromide  is  scarcely  soluble  in  dilute  ammonia,  but 
easily  soluble  in  concentrated  ammonia ;  it  melts,  on  heating, 
to  a  reddish  liquid  which  solidifies  to  a  yellow  lustrous  mass, 
and  the  latter,  when  heated  in  a  current  of  chlorine,  is 
slowly  converted  into  chloride.  The  finely  divided  precipitate 
suspended  in  water  is  instantly  decomposed  by  chlorine,  and 
hydrochloric  acid  gas  also  decomposes  it  at  700°  with  evolution 
of  hydrogen  bromide.  It  is  soluble  in  sodium  thiosulphate,  the 
saturated  solution  corresponding  to  a  double  salt  containing  five 
molecules  of  silver  bromide  to  nine  molecules  of  crystallised  thio- 
sulphate. This  salt  exists  only  in  solution,  and  on  evaporation, 
or  when  precipitated  with  alcohol,  yields 

2Na,S,03,Ag,S,03,2H,0.3 

Whilst  the  fused  bromide  is  hardly  acted  upon  by  light,  the 
precipitated  salt  is  soon  coloured  a  greyish-violet  on  exposure  to 
light ;  if  however,  it  contains  a  trace  of  free  bromine,  it  is  un- 
acted on.  The  action  is  also  lessened  by  the  presence  of  nitric 
acid,  whilst  it  is  increased  by  the  presence  of  silver  nitrate. 
Many  chemists  explain  this  darkening  on  exposure  to  light  as 
being  due  to  the  formation  of  a  sub-bromide,  but  it  seems  more 
probable  that  an  oxybromide  of  silver  is  formed. 

Stas^  described  several  varieties  of  this  salt  which  differ  in 
their  behaviour  towards  light. 

Dry  silver  bromide  absorbs  no  gaseous  ammonia  ^ ;  on  the 
other  hand,  the  ammoniacal  solution  deposits  on  standing  white 

1  Kohlrausch  and  Dolezalek,  Sitzungsber.  K.  Ahad.  Wiss.  Berlin,  1901, 
1018. 

2  Bottger,  Ztit.  physihal.  Chem.,  1906,  56,  83. 

'  Lumi^re  and  Segewetz,  Bull.  Sec.  chim.,  1907  [iv],  1,  946. 
*  Ann.  Chim.  Phys.,  1874,  (5),  3,  289. 
.     ^  Rammelsberg,  Pogg.  Ann.,  1842,  55,  246. 
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glistening  crystals,  and  these  on  heating  lose  ammonia/  whilst 
liquid  ammonia  below  4°  converts  silver  bromide  into  a  white 
substance,  AgBr,3NHo.  This  loses  ammonia  at  4°,  yielding 
another  white  substance  of  the  composition  2AgBr,3NH3,  which 
gives  off  ammonia  at  35°,  silver  bromide  being  left.^ 

Silver    Iodide,   Agl. — This    salt    occurs    as    iodargyrite    in 
Mexico,   Chili,    Spain,   and   in   the   Cerro   Colorado    Mine    in 
Arizona,  in  the  form  of  slightly  elastic  hexagonal  tablets.  Silver 
combines  directly  with  iodine  on  heating.     The  metal  also  dis- 
solves in  hydriodic  acid,  with  violent  evolution  of  hydrogen,  and 
if  the  liquid  be  warmed  as  soon  as  the  action  becomes  lessened^ 
the  evolution  again  increases,  and,  on  cooling,  colourless  crystal- 
line scales  separate  out.     These  on  exposure  to  air  decompose 
quickly,    and   probably    possess    the   formula   AgI,HI.       The 
mother-liquor  on  standing  deposits  thick  hexagonal  prisms  of 
silver  iodide.^     The  same  compound  is  formed  by  the  action  of 
concentrated  hydriodic  acid  on  silver  chloride,  and  the  iodide 
is  also    produced    by   the    treatment    of    silver    chloride    or 
bromide   with    aqueous    potassium    iodide    or    other    soluble 
iodides,   silver   iodide   being    deposited    as   a  light   yellowish 
powder.     It    is    dimorphous    and   melts   at    556°,    forming  a 
yellow    liquid,   which    on   further    heating   becomes   red   and 
then    dark    reddish-brown,    and    on    cooling    solidifies    to    a 
soft   yellow   mass   having  a   specific   gravity   of  5-687   at   0° 
(Deville),  whilst  the   crystalline  variety  has  at  14°  a  specific 
gravity   of  5-669,   that   of  the   precipitated  salt  being  5-596 
(Damour).     An  interesting  fact  with  reference  to  the  abnormal 
expansion  and  contraction  of  silver  iodide  by  heat   has   been 
observed  by  Fizeau*;  it  contracts  when  heated  from  — 10°  to -|- 70°, 
and  expands  on  cooling.     This  is  explained  by  Rodwell,^  by 
the  fact  that  silver  iodide  exists  in  two  modifications.     Fizeau, 
however,   determined    the    coefficient   of    expansion   of  three 
different  varieties  of  silver  iodide  and  found  it  to  be  negative  in 
each  case  and  G.  Jones,"  from  a  study  of  the  free  energy  of 
formation  of  silver  iodide,  concluded  that  the  affinity  of  the 
silver  and  iodine  increases  with  rising  temperature,  which  tends 
to  cause  a  diminution  in  volume. 

Measurements  of  the  electrical  conductivity  of  the  solution 

I  Liebig,  Schweiggers  Journ.,  48, 10.3.     ^  Jarry,  Compt.  rend.,  1898, 126, 1 138. 

3  Deville,  Oompt.  rend.,  1851,  32,  894. 

*  Compt.  rend.,  1867,  64,  304.  "  Ghent.  News,  1875,  31,  4. 

«  /.  Amer.  Chem.  Soc,  1909,  31,  191. 
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show  that  silver  iodide  dissolves  in  water  to  the  extent  of  0'0035 
mgr.  in  a  litre.^ 

Pure  silver  iodide  is  left  unaltered  by  the  action  of  direct 
sunlight.  If,  however,  it  be  precipitated  from  an  excess  of 
silver  nitrate  so  that  traces  of  this  salt  are  carried  down  with  it, 
it  becomes  coloured  green  on  exposure  to  light,  and  in  presence 
of  more  silver  nitrate  a  deep  greyish-black  colour  is  attained 
although  no  loss  of  iodine  is  observed  (Stas).  Iodide  of 
potassium,  and  nitric  acid  (specific  gravity  1"2)  have  the 
power  of  reproducing  the  yellow  colour.  The  changes  effected 
by  light  upon  silver  iodide  are  brought  about  chiefly  in  the 
presence  of  substances  which  have  the  power  of  combining  with 
a  portion  of  the  iodine.  Ammonia  changes  the  yellow  colour 
of  silver  iodide  to  white  and  dissolves  it  very  sparingly;  it 
differs  from  the  chloride  and  bromide  of  silver,  inasmuch  as  it  is 
only  sparingly  soluble  even  in  concentrated  ammonia,  one  part 
of  the  iodide  dissolving,  according  to  Wallace  and  Lament,  in 
2493  parts  of  ammonia  of  specific  gravity  0'89  ;  its  solubility  in 
aqueous  ammonia,  however,  increases  appreciably  with  rise  of 
temperature.^ 

It  is  readily  soluble  in  liquid  ammonia,  and  if  the  solution  be 
allowed  to  evaporate  at  -40°  to  -10°,  white  crystals  of  Agl.NHj 
separate  out.^  This  substance  evolves  ammonia  at  4°,  yielding 
the  white  compound  2AgI,NH3,  which  is  also  formed  by  the 
action  of  ammonia  gas  on  dry  precipitated  silver  iodide,*  and 
which  on  exposure  to  air  gives  off  its  ammonia. 

Silver  iodide  is  tolerably  soluble  in  a  strong  solution  of 
potassium  iodide,  from  which  solution  it  is  precipitated  by  the 
addition  of  water,  whilst  a  hot  solution  of  potassium  iodide, 
saturated  with  silver  iodide,  deposits,  on  standing,  white 
needles  of  a  salt  having  the  composition  AgI,KI.  When  silver 
iodide  is  gently  heated  in  chlorine  gas  it  decomposes  into 
silver  chloride,  and  the  same  reaction  takes  place  when  it  is 
treated  with  dry  hydrogen  chloride  at  700°  (Hautfeuille).  It  is 
only  incompletely  reduced  in  a  current  of  hydrogen  even  when 
exposed  to  a  white-heat  (Vogel). 

Silver  Chlorite,  AgClOa,  is  obtained  by  precipitating  a  weak 
alkaline  solution  of  a  chlorite  with  silver  nitrate.     It  forms 

'  Kohlrausoh  and  Dolezalek,   Sitzungsber.   K.  Akad.    Wias.  Berlin,  1901, 
1018. 
2  Baubigny,  Gompt.  rend.,  1908,  146,  1263. 
'  Jarry,  Ann.  Ghim.  I'hys.,  1899,  [7],  17,  327. 
■•  Rammelsberg,  Pogg.  Ann.,  1839,  48,  170. 
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a  crystalline  substance  which  separates  from  a  solution  in  hot 
water  in  crystalline  scales.  These  deflagrate  when  moistened 
with  concentrated  hydrochloric  acid,  or  when  heated  to  105°; 
they  also  take  fire  when  mixed  with  sulphur  (Millon). 

Silver  Chlorate,  AgClOg. — This  salt  is  obtained  when  chlorine 
is  passed  into  water  through  which  silver  oxide  is  diffused, 
until  bubbles  of  oxygen  are  evolved ;  the  chloride  of  silver  is 
filtered  off  and  the  liquor  evaporated  to  its  crystallising  point. 
Silver  chloride  and  hypochlorite  are  first  formed ;  part  of  the 
latter,  according  to  Forster  and  Jorre,^  is  then  hydrolysed  to 
hypochlorous  acid,  and  this  reacts  with  the  silver  hypochlorite 
to  form  silver  chlorate  and  chloride. 

The  chlorate  may  also  be  obtained  by  dissolving  silver  oxide 
in  chloric  acid,  the  action  being  accompanied  with  evolution  of 
heat.  It  crystallises  in  white,  opaque,  tetragonal  prisms,  having 
a  specific  gravity  of  4'43.  These  dissolve  in  about  10  parts  of 
cold  water,  and  melt  at  230° ;  when  further  heated  to  270°,  they 
give  off  oxygen  and  a  trace  of  chlorine.  When  mixed  with 
sulphur  it  detonates  with  the  utmost  violence  on  friction. 

Silver  and  Sulphur. 

222  Silver  Sulphide,  Ag^S,  occurs  as  argentite,  or  vitreous 
silver.  The  occurrence  of  this  ore  was  known  to  Agricola: 
"  Argentum  rude  plumbei  coloris  et  galense  simile."  This  im- 
portant silver  ore,  occurring  in  blackish-grey  crystals,  belonging 
to  the  regular  system,  occurs  widely  distributed,  but  is  found 
especially  in  the  Erzgebirge,  in  Hungary,  in  Norway  near 
Kongsberg,  in  the  Altai,  in  the  Urals,  in  Cornwall,  Bolivia, 
Peru,  Chili,  Mexico,  and  in  Nevada,  at  the  Comstock  lode. 
This  compound  occurs  in  the  Erzgebirge  in  two  distinct  forms ; 
one  of  these  is  termed  daleminzite,  and  the  other  acanthite; 
the  first  of  these  being  isomorphous  with  chalcocite.  Argentite 
can  be  obtained  artificially,  by  igniting  silver  chloride  in  a 
current  of  sulphuretted  hydrogen.  Silver  sulphide  is  also 
formed  when  silver  is  heated  with  sulphur  or  sulphuretted 
hydrogen,  and  forms  the  yellow  or  brownish  stains  which  are 
formed  on  articles  of  silver  on  exposure  to  the  air  (Proust). 
Sulphuretted  hydrogen  produces  in  solutions  of  silver  a  blackish- 
brown  flocculent  precipitate  of  silver  sulphide  which  is  soluble 
in  hot  nitric  acid,,  and  is  converted  into  silver  chloride  when  a 
1  J.pr.  Chem.,  1899,  [2],  59,  537;  see  also  Vol.  I.,  p.  350. 
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solution  of  copper  chloride  in  the  presence  of  common  salt  is 
added  to  it. 

Silver  Disulphidc,  Ag^S^,  has  been  prepared  by  adding  a 
solution  of  sulphur  in  carbon  disulphide  to  a  solution  of  silver 
nitrate  in  benzonitrile.  It  is  a  brown  amorphous  powder  which 
oxidises  very  rapidly  when  moist,  and  is  converted  into  silver 
sulphate  by  shaking  with  water  and  air.  When  heated  in  the 
air  it  melts  to  a  red  liquid  and  gives  off  sulphur  and  sulphur 
dioxide,  metallic  silver  being  left.^ 

Silver  Sulphite,  AggSOj,  is  a  white  curdy  precipitate  almost 
insoluble  in  water  and  sulphurous  acid.  It  was  supposed  to 
decompose  when  heated  to  100°  into  silver,  silver  sulphate,  and 
sulphur  dioxide,  but  Baubigny  ^  has  shown  that  only  a  small 
proportion  is  decomposed  in  this  manner,  more  than  80  per  cent, 
being  converted  into  dithionate,  thus : — 

2Ag,S03  =  Ag,SA+2Ag, 

and  that  it  is  only  at  a  much  higher  temperature  that  silver 
sulphate  and  sulphur  dioxide  are  produced  from  the  dithionate. 

Noi'mal  Silver  Sulphate,  AggSO^. — This  substance  was 
obtained  in  solution  by  Glauber,  for  he  states  in  his  Be  furnis 
novis  philosojphicis  (1648) :  "  Dissolve  rasuram  ])  in  a  rectified  oil 
of  vitriol,  with  the  addition  of  a  sufficiency  of  water,  but  not  so 
much  as  in  the  case  of  Mars  or  Venus.  Or,  still  better,  dissolve 
a  calx  of  ])  which  is  precipitated  from  aqua  fortis,  either  by 
copper  or  by  spirits  of  salt." 

It  is  best  obtained  by  heating  the  reduced  metal  with 
sulphuric  acid,  or  by  dissolving  the  carbonate  in  dilute  sulphuric 
acid.  It  forms  small,  lustrous  rhombic  crystals,  which  are  anhy- 
drous, and  isomorphous  with  anhydrous  sodium  sulphate  ^ ;  it  has 
a  specific  gravity  of  5'4,  and  dissolves  to  the  extent  of  0'77 
parts  at  17°,  1'46  parts  at  100°,  in  100  of  water.  In  consequence 
of  the  sparing  solubility  of  the  salt,  it  is  obtained  as  a  precipitate 
when  sulphuric  acid  or  a  soluble  sulphate  is  added  to  a  silver 
solution,  and  this  fact  was  known  to  Boyle.*  It  is  easily  soluble 
in  water  containing  sulphuric  acid,  and  still  more  soluble  in 
nitric  acid,  and  also  dissolves  readily  in  strong  sulphuric  acid, 

1  Hantzsch,  Zeit.  anorg.  Chem.,  1898,  19,  104. 

2  Compt.  rend.,  1909,  149,  735,  858. 

s  Mitscherlioh,  Pogg.  Ann.,  1827,  12,  138. 

*  "Considerations  and  Experiments  touching  the  origin  of  qualities  and 
forms,"  Boyle,  Op.,  3,  66. 
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being  precipitated  from  this  solution  on  the  addition  of  water. 
It  fuses  at  a  dark-red  heat  and  decomposes  at  a  very  high  tem- 
perature into  metal,  oxygen,  and  sulphur  dioxide.  When 
dissolved  in  less  than  three  parts  of  sulphuric  acid,  light  yellow 
prisms  of  hydrogen  silver  stdphate,  HAgSO^,  are  obtained. 

According  to  Carey  Lea,^  a  double  salt  of  silver  sulphate  and 
a  lower  sulphate,  having  the  formula  Ag^SO^jAgaSO^ifljO, 
is  obtained  by  the  reduction  of  silver  nitrate,  phosphate  or  car- 
bonate with  hypophosphorous  acid  in  presence  of  sulphuric 
acid  ;  it  forms  a  pale  brown  powder  which  is  permanent  in  the 
air  and  does  not  evolve  sulphuric  acid  even  at  a  dull-red 
heat.  It  always  contains  about  2  per  cent,  of  phosphoric 
anhydride,  which  cannot  be  removed  even  by  treatment  with 
strong  sulphuric  acid. 

Silver  Thiosulphate,  AggSgOj,  is  obtained  by  gradually 
adding  a  moderately  dilute  solution  of  silver  nitrate  to  an 
excess  of  concentrated  solution  of  sodium  thiosulphate,  washing 
the  precipitated  grey  mixture  of  thiosulphate  and  sulphide  with 
cold  water,  extracting  the  thiosulphate  with  ammonia,  precipi- 
tating it  as  quickly  as  possible  by  exact  neutralisation  with 
nitric  acid,  and  quickly  drying  it  by  pressure  between  filter 
paper.2  It  forms  a  snow-white  powder,  having  a  sweet  taste ; 
it  is  slightly  soluble  in  water,  and  in  the  moist  condition 
it  easily  decomposes  into  sulphuric  acid  and  sulphide  of  silver 

(Rose) : 

Ag^SA+H^O  =  Ag,S-t-H,SO,. 

Silver  Sodium  Thiosulphate,  AgNaSjOg,  was  discovered  by 
Herschel,  and  may  be  obtained  by  evaporating  a  solution  of 
silver  chloride  in  aqueous  sodium  thiosulphate,  until  it  crystal- 
lises. It  is,  however,  best  prepared  by  adding  a  neutral  solution 
of  silver  nitrate  to  a  solution  of  sodium  thiosulphate,  until  a 
permanent  precipitate  is  produced.  The  solution  is  then 
filtered  and  alcohol  added,  when  the  salt  is  precipitated  in 
silky  laminae  (Lenz).  Its  solution,  evaporated  in  a  vacuum, 
deposits  tabular  crystals  of  the  salt.  It  is  soluble  in  water  and 
possesses  a  sweet  taste  (Herschel).  A  saturated  solution  of 
silver  chloride  in  sodium  thiosulphate  corresponds  to  the  formula 
2Na2S203,Ag2S203,2H20,  and  this  solution  deposits  a  salt 
corresponding     to    the   formula    Na2S203,Ag2S203,2H20.^      A 

1  Amer.  J.  Sci.,  1892  (3),  44,  322. 

2  Herschel,  Edin.  Phil.  Joum.,  1819,  1,  26  ;  2,  154. 

"  Luniiere  and  Segewetz,  Bull.  Soc.  Mm.,  1907,  [iv],  1,  946. 
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number  of  double  thiosulphates  of  silver  and  potassium  are  also 
known.  1 


Silver  and  the  Elements  ob"  the  Nitrogen  Group. 

223  Silver  Nitride,  NAgg. — This  compound,  usually  known  as 
Bertholiet's  fulminating  silver,  was  first  obtained  by  the  above- 
named  chemist  in  1788,  by  the  action  of  ammonia  on  the  silver 
oxide  prepared  by  precipitating  a  silver  solution  with  lime 
water.  It  is  a  black  powder  which,  especially  in  the  dry  state, 
explodes  most  violently  on  the  slightest  percussion,  or  even  on 
touching  with  a  feather.  Great  care  is  necessary  in  working 
with  ammoniacal  solutions  of  silver  oxide  and  such  solutions 
should  not  be  kept.^  Easchig  ^  has  shown  that  the  compound 
has  the  composition  NAgg,  but  it  is  usually  mixed  with  a  certain 
quantity  of  metallic  silver.  In  some  cases  the  powder  was  also 
found  to  contain  hydrogen,  and  had  then  the  formulae  NHAgg. 
A  yellow  nitride  of  silver  is  stated  to  be  formed  when  magnesium 
nitride  and  silver  nitrate  are  gently  heated  together  in  a  sealed 
tube.  It  is  decomposed  by  water  with  formation  of  silver  oxide 
and  ammonia.* 

Silver  Amide,  AgNHj,  is  formed  as  a  white  precipitate  when 
a  solution  of  potassamide  in  liquid  ammonia  is  added  to 
excess  of  silver  nitrate  dissolved  in  the  same  solvent.  It  is 
soluble  in  solutions  of  ammonium  salts  in  liquid  ammonia, 
darkens  on  exposure  to  light,  and  when  dry  readily  explodes.^ 

Silver  Azoimide,  AgNg,  is  obtained  by  the  addition  of  silver 
nitrate  to  a  solution  of  azoimide  or  one  of  its  soluble  salts.  It 
forms  minute  prisms,  which  are  insoluble  in  water  and  readily 
explode  with  extreme  violence. 

Silver  Hyponitrite,  Ag^NjOj,  is  a  yellow  precipitate  which  is 
deposited  from  ammonia  in  small  yellow  crystals."  It  is 
sparingly  soluble  in  water,  and  when  moist  is  slowly  decom- 
posed at  ordinary  temperatures.  When  pure  it  does  not 
explode  when  heated,  but  decomposes  into  nitrogen,  oxides  of 
nitrogen,  silver  nitrate,  and  silver.'^ 

1  Rosenheim  and  Steinhiiuser,  Zeit.  anorg.  Chem.,  1900,  25,  72. 

2  See  Matiguon,  Bull  Soc.  Mm.,  1908,  [iv],  3,  618 ;  also  Sieverts,   Zeit. 
aiigetu.  Chem.,  1909,  22,  6. 

'■>  Annalen,  1886,  233,  93.  *  Smits,  Kec.  frai'.  Mm.,  1896,  15,  135. 

"  Franklin,  /.  Amer.  Chem.  Soc,  1903,  27,  820. 
•*  Krischner,  Zeit.  anory.  Chem.,  1898,  16,  424. 
'  Divers,  Journ.  Chem.  Soc,  1899,  75,  95. 
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Silver  Nitrite,  AgNOg. — This  substance  was  first  obtained  by 
Proust,  who  regarded  it  as  the  nitrate  of  silver  suboxide,  having 
obtained  it  by  boiling  a  solution  of  silver  nitrate  with  the 
powdered  metal.  It  is  best  prepared  by  mixing  lukewarm 
solutions  of  24  parts  of  silver  nitrate  and  15  parts  of  potassium 
nitrite.  On  cooling,  silver  nitrite  separates  as  a  white  crystal- 
line powder,  which  may  be  readily  filtered.  It  is  less  soluble  in 
cold  water  than  silver  sulphate,  but  dissolves  more  readily  in 
hot  water  with  partial  decomposition.  When  slowly  deposited 
it  forms  long,  acicular,  rhombic  crystals. 

When  heated,  silver  nitrite  decomposes  without  fusion  at  180°,^ 
according  to  the  following  equations: — AgN02  =  Ag+N02; 
Ag+2N02=AgN03+NO;  AgN02+N02  =  AgN03+NO. 

Silver  Nitrate,  AgNOg. — This  salt  was  obtained  in  the  crystal- 
line form  by  Geber  :"  Dissolve  J  calcinatam  in  aqua  dissolutiva, 
quo  facto,  eoque  eam  in  phyala,  cum  longe  collo,  non  obturato 
ori  per  diem  solum,  usque  quo  consumetur  ad  ejus  tertiam 
partem  aquse,  quo  peracto  pone  in  loco  frigido,  et  devenient 
lapilli  ad  modum  crystalli  fusibiles."  At  the  end  of  the 
seventeenth  century,  Angelus  Sala  drew  the  attention  of  the 
iatro-chemists  to  this  salt,  known  as  crystalli  cliance  or  magi- 
sterium  argenti,  to  which,  when  cast  into  sticks,    the  name  of 

la]3is  infernalis  or  lunar  caustic  was  

given. 

Silver  nitrate  is  obtained  on  the 
large  scale,  by  dissolving  silver  in 
dilute  nitric  acid,  and  occurs  in 
commerce  both  in  crystals  and  cast 
into  sticks  (lunar  caustic).     It  crys-  j-j^,  jjg^ 

tallises     in     transparent     rhombic 

plates  (Fig.  119),  having  a  specific  gravity  of  4'328  (Schroder) 
and  melting  at  209°,  solidifying  on  cooling  to  a  white,  fibrous, 
crystalline  mass.  It  is  dimorphous,  passing  into  a  hexagonal 
modification  at  159°.^  It  possesses  an  acrid,  metallic  taste, 
and  acts  as  a  violent  poison,  blackening  and  destroying  organic 
matter,  but  it  does  not  blacken  in  the  air  except  in  contact 
with  organic  substances.  When  it  is  wrapped  up  in  paper  for 
some  time  it  gradually  decomposes,  leaving  a  residue  of  metallic 

1  Divers,   Proc.   Ghem.  Soc,   1905,  281 ;   see  also  Oswald,    Compl.  rend., 
1911, 152,  381. 
■^  Compare  Guinchant,  Compt.  rend.,  1909,  149,  569. 
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silver,  and  at  a  red  heat  it  yields  nitrogen  peroxide,  oxygen, 
and  metallic  silver.^ 

100  parts  of  water  dissolve  as  follows  ^ : 

At  0°  20°  50°  80°  100°  110° 

AgNOg       115       215       400       650       910       1110  parts. 

The  aqueous  solution  has  a  neutral  reaction.  If  ammonia  be 
added  to  a  solution  of  silver  nitrate  until  the  precipitate  first 
formed  redissolves,  and  this  solution  be  then  allowed  to  eva- 
porate, fine  bright  rhombic  prismatic  crystals,  having  the  com- 
position AgN03,2NH3,  are  deposited.  These  do  not  give  off 
ammonia  at  100',  but  when  more  strongly  heated  they  melt, 
evolving  nitrogen  and  ammonia,  whilst  ammonium  nitrate  and 
a  metallic  mirror  of  silver  are  left  behind.  When  a  current  of 
dry  ammonia  is  passed  over  dry  silver  nitrate,  this  substance 
absorbs  29'55  per  cent,  of  the  gas,  enough  heat  being  developed 
to  produce  fusion  of  the  mass.  The  product  of  this  reaction 
is  a  white  solid  soluble  in  water  and  possessing  the  formula 
AgNOg.SNHg  (Rose). 

Silver  nitrate  is  largely  used  in  chemical  analysis  and 
especially  in  photography.  It  is  also  employed  in  medicine 
both  externally  and  internally.  For  external  application  it  acts 
as  a  powerful  cautery,  inasmuch  as  it  unites  with  the  albuminoid 
substances  to  form  insoluble  compounds.  Large  doses  given  in- 
ternally act  corrosively  upon  the  mucous  membrane,  producing 
serious  inflammation.  Experiments  on  animals  have  shown 
that  it  produces  paralysis  of  the  nerve  centres,  difficulty  of 
breathing,  and  coma.  It  is  given  in  doses  of  from  0'02  gram  in 
chronic  stomach  diseases,  epilepsy  and  other  nervous  affections. 
When  administered  for  some  length  of  time,  it  produces  a  pecu- 
liar bronze  colour  of  the  skin,  caused  by  the  deposition  of 
metallic  silver  under  the  cuticle. 

224  Silver  Biphosphide ,  AgP^,  may  be  prepared  by  passing 
phosphorus  vapour  over  finely  divided  silver  or  silver  chloride 
heated  at  400°.  The  product  must  be  cooled  in  an  atmosphere 
of  phosphorus  vapour,  as  it  decomposes  at  the  temperature  of 
formation  when  heated  in  an  inert  gas.^ 

1  Divers,  Journ.  Chum.  Soc,  1899,  75,  83. 

'■^  Kremers,  Poyg.  Ann.,  1854,  92,  497;  see  also  Etard,  Ann.  Chim.  Phys., 
1894,  (7),  2,  526;  Meyerhofter,  LandoU- Boriuttin  Physikalisch-Ohemische 
Tabellen  (Berlin,  Springer,  1905),  520. 

»  Granger,  Compt.  rend.,  1897,  124,  896 ;  Chem.  Newi),  1898,  77,  227. 
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Phosphates  of  Silver. — The  normal  phosphate,  AggPO^,  is 
formed  as  a  yellow  precipitate,  when  a  silver  salt  is  added  to 
a  solution  of  any  one  of  the  sodium  orthophosphates.  On 
heating,  its  colour  changes  to  brown,  and  it  melts  at  a  red 
heat.  It  is  soluble  in  aqueous  phosphoric  acid,  yielding  the 
mono-hydrogen  salt,  HAggPO^,  which  is  deposited  in  the  form  of 
white  crystals.  The  pyrophosphate,  Ag^PjOj,  is  a  white  com- 
pound, melting  below  a  redheat  to  form  a  dark-brown  liquid 
which  solidifies  to  a  colourless  fibrous  mass.  When  heated  for 
some  time  with  aqueous  phosphoric  acid,  the  dihydrogen  pyro- 
phosphate, HjAg.jPgOy,  is  formed  as  a  crystalline  powder,  which 
is  decomposed  by  the  addition  of  water.  The  same  compound 
may  also  be  formed  by  heating  silver  pyrophosphate  with  pyro- 
phosphoric  acid  until  a  clear  fused  mass  is  obtained,  dissolving 
the  cooled  product  in  a  small  quantity  of  water  at  0°,  and 
adding  alcohol,  when  it  is  precipitated  as  a  white  crystalline 
powder  melting  at  240°.^  The  metaphosphates  of  silver  are 
white  compounds. 

Arsenites  and  Arsenates  of  Silver. — The  normal  arsenite, 
AgjAsOg,  is  a  canary-yellow  powder,  easily  soluble  in  nitric  acid 
and  ammonia.  When  the  ammoniacal  solution  is  boiled,  metallic 
silver  separates  out.  The  normal  arsenate,  AggAsO^,  is  a  dark 
red-brown  crystalline  powder,  formed  by  precipitating  a  con- 
centrated solution  of  arsenic  acid  with  a  boiling  solution  of  silver 
nitrate.  The  same  substance  is  precipitated  as  a  brownish-red 
powder  if  a  solution  of  an  arsenate  be  added  to  silver  nitrate. 

Silver  Acetylide  or  Silver  Carbide,  CaAgg.— When  acetylene  is 
passed  into  aqueous  silver  nitrate  a  white  precipitate  is  first 
formed  consisting  of  the  compound  C2Ag2,AgN03,  which  with 
more  acetylene  changes  to  white  silver  acetylide.  It  may  also 
be  obtained  by  passing  acetylene  into  ammoniacal  silver 
nitrate.^ 

Silver  Carbonate,  AgjCO.,,  is  a  light-yellow  powder  of  a  paler 
colour  than  the  phosphate,  which  readily  becomes  black  on 
exposure  to  light,  or  on  heating,  and  loses  all  its  carbon  dioxide 
at  200°.  When  a  mixture  of  ammonio-nitrate  of  silver  and 
caustic  potash  is  exposed  to  the  air,  silver  oxide  separates  out, 
and  after  a  time  lemon-yellow  needles  of  the  carbonate. 

When  silver  nitrate  is  added  to  a  concentrated  solution  of 
potassium   carbonate  a  yellow   precipitate   separates  out,  and 

^  Cavalier,  Compt.  rend.,  1904,  139,  284. 

2  Arth,  Compt.  rend.,  1897,  124,   1534;  Chavastelon,  ihid.,  1564. 

VOli.  II.  •  ^  ^ 


482  SILVER 


this  quickly  changes  to  the  white  compound  silver  potassium 
carhonate,  AgKCOg.^ 

Silver  Gyanide,  AgCN,  is  a  white  curdy  precipitate,  easily 
soluble  in  ammonia.  On  heating  with  water  or  with  caustic 
potash  solution  it  is  reduced  to  metallic  silver.^  It  is  insoluble 
in  cold  dilute  nitric  acid,  but  dissolves  in  the  hot  acid,  forming 
silver  nitrate  and  hydrocyanic  acid,  which  may  be  removed  by 
distillation.^  It  forms  soluble  double  salts  with  the  cyanides  of 
the  metals  of  the  alkalis,  and  alkaline  earths. 

Potassium  Silver  Gyanide,  KAg(CN)2,  crystallises  in  feathery 
tufts  or  six-sided  prisms,  and  is  soluble  in  4  parts  of  water  at 
20°.*     It  does  not  undergo  alteration  on  exposure  to  light. 

Silver  Gyanamide,  AggCNg,  may  be  obtained  by  precipitating 
an  alkaline  solution  of  sodium  cyanamide  with  silver  nitrate. 
On  heating,  it  explodes  more  or  less  violently,  the  gases 
formed  by  the  explosion  being  cyanogen  and  nitrogen.^ 

Silver  Gyanate,  AgCNO,  is  a  white  precipitate  easily  soluble 
in  ammonia  and  nitric  acid.  On  heating  it  explodes,  a  dull 
white  mass  of  silver  carbide  remaining  behind.  This  decom- 
poses, on  solution  in  nitric  acid,  leaving  a  finely-divided  network 
of  pure  carbon.^ 

Silver  Thiocyanate,  AgCNS,  is  a  white  curdy  precipitate,  easily 
soluble  in  ammonia,  and  crystallising  from  the  solution  in 
glistening  scales  which  do  not  contain  any  ammonia. 

Fotassi^im  Silver  Thiocyanate,  KAg(SCN)2,  is  formed  when  the 
foregoing  salt  is  dissolved  in  a  solution  of  potassium  thiocyanate. 
It  forms  monoclinic  crystals,  melts  at  140°,  and  is  decomposed 
by  water. 

Photography. 

225  The  observation  of  Boyle,  that  silver  chloride  and  other 
silver  salts  undergo  blackening  on  exposure  to  light,  the  chemical 
explanation  of  which  was  first  given  by  Scheele,  has  led  to  the 
foundation  of  the  important  art  of  photography.  The  first  light- 
pictures  were  obtained  by  Thomas  Wedgwood,  in  the  year  1802. 
These    were    simply  prints   of  leaves   or   paintings   on  glass 

'  Reynolds,  Journ.  Ohem.  Soc,    1898,  73,  265. 

'  Marsh  and  Strutliers,  Proc.  Chem.  Soc,  190,3,  249. 

5  Plimmer,  Journ.  Chem.  Soc,  1904,  85,  12. 

■*  Baup,  Ann.  C'him.  Phyn.,  1858,  [3],  53,  462. 

'^  Ellis,  Chem.  mws,  1909,  100,  154. 

^  liiebig  and  Redtenbacher,  Annalen,  1841,  38,  129. 
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prepared  by  allowing  the  light  to  fall  through  a  more  or  less 
transparent  object  on  to  white  paper  or  leather,  which  had  been 
moistened  with  nitrate  of  silver.  Davy,  repeating  these  ex- 
periments, obtained  fairly  accurate  copies  of  leaves,  wings  of  in- 
sects, and  similar  objects, and  even'succeeded  in  preparing  pictures 
of  small  objects,  which  had  been  magnified  by  thesolar  microscope. 
The  pictures  thus  obtained  could  not  be  exposed  to  daylight, 
but  bad  to  be  examined  by  candle-light,  as  at  that  time  no 
process  was  known  by  which  that  portion  of  the  silver  salt 
unacted  upon  by  the  light  could  be  withdrawn,  and  the  picture 
thus  rendered  permanent.  The  first  experiments  which  aimed  at 
rendering  the  photographic  image  permanent  were  made  by 
Niepce,  who  began  his  investigations  in  the  year  1814.  In  1826 
he,  together  with  Daguerre,  investigated  the  same  subject,  and  it 
is  to  the  latter  experimenter  that  we  are  indebted  for  the  first 
process  by  which  the  image  obtained  in  the  camera  can  be  fixed. 
In  1839  he  discovered  the  process  which  now  bears  his  name. 
This  consists  in  allowing  the  vapour  of  iodine  to  act  upon  a 
polished  surface  of  silver,  which  thus  becomes  coated  with  a 
film  of  silver  iodide.  The  surface  of  the  plate  thus  prepared  is 
next  exposed  to  light  in  the  camera.  After  a  short  time  the  light 
has  produced  its  action,  although  on  the  removal  of  the  plate  no 
change  of  the  surface  is  perceptible.  If  the  plate  be  now  exposed 
to  the  action  of  the  vapour  of  mercury,  the  picture  makes  its 
appearance,  inasmuch  as  the  mercury  is  deposited  in  extremely 
fine  globules  on  those  portions  of  the  plate  on  which  the  light 
has  fallen,  whilst  in  the  shadows,  the  unaltered  iodide  remains. 
In  order  to  remove  those  portions  of  the  iodide  which  had  been 
unacted  upon  by  the  light,  Daguerre  at  first  used  a  hot 
solution  of  common  salt,  but  Herschel  at  once  pointed  out  the 
advantages  of  sodium  thiosulphate  for  this  purpose,  and  it  was 
immediately  adopted  by  Daguerre.^ 

The  Daguerreotype  process  underw^ent  many  alterations, 
but  it  has  now  been  altogether  superseded  by  much  more 
convenient  methods.  In  the  year  1839  Fox  Talbot  pub- 
lished his  method  of  photogenic  drawing,  or  photography 
on  paper.  This  process,  which  was  but  an  imperfect  one,  con- 
sisted in  exposing  in  the  camera  a  paper  soaked  in  a  weak  solution 
of  common  salt  and  afterwards  washed  over  with  a  solution  of 
silver  nitrate.  The  image  obtained  was  a  negative  one ;  that  is, 
the  light  portions  of  the  landscape  were  dark,  and  vice  versa. 

'  Eder,  Geschichle  der  Photographic,  pp.  203,  209  (Knapp,  Halle  a.S.  1905). 

Il2 


484  SILVER 


These  pictures  were  fixed  by  immersion  in  a  solution  of  common 
salt.  A  great  improvement  was  made  in  this  process  by  Talbot 
in  the  year  1841,  by  coating  the  paper  which  was  to  be  acted 
upon  with  a  film  of  silver  iodide  by  first  dipping  it  into  a  solution 
of  silver  nitrate  and  then  into  one  of  potassium  iodide.  This 
paper  does  not  exhibit  any  change  after  exposure  in  the  camera, 
but  on  "  development "  with  a  mixture  of  silver  nitrate,  acetic 
acid  and  gallic  acid,  the  image  becomes  visible.  The  picture  is 
a  negative,  but  it  may  be  rendered  transparent  by  saturating  it 
with  white  wax,  and  then  a  positive  print  may  be  prepared  from 
it  by  placing  it  on  a  paper  moistened  with  chloride  of  silver,  and 
exposing  it  to  sunlight.  This  method  was  long  known  as  the 
Talbotype  or  Calotype  process. 

A  most  important  improvement  in  photography  was  made  by 
Archer  (1851),  in  the  employment  of  a  transparent  film  of  iodised 
collodion  spread  upon  glass  as  a  sensitive  film  for  the  camera  in 
place  of  the  iodised  paper  used  in  the  Talbotype  process. 
Collodion  is  a  solution  of  pyroxylin,  consisting  of  the 
lower  nitrates  of  cellulose,  in  a  mixture  of  alcohol  and  ether, 
and  to  this  is  added  a  certain  proportion  of  a  soluble  iodide  or 
bromide,  usually  of  zinc  or  cadmium.  On  pouring  the  solution 
on  to  the  plate  the  ether  and  alcohol  evaporate,  and  the  plate 
becomes  covered  with  a  homogeneous  film.  The  collodionised 
plate  is  next  dipped  into  a  bath  of  silver  nitrate,  and  the 
plate  thus  "  sensitised  "  is  exposed,  still  wet  with  the  silver  nitrate 
solution,  in  the  camera.  The  image  produced  on  the  film  is  in 
this  case  also  latent,  and  requires  to  be  developed  or  made 
visible  by  treating  the  surface  with  reducing  agents,  such  as 
ferrous  sulphate  or  pyrogallic  acid,  compounds  which  have  the 
power  of  reducing  it  to  the  condition  of  metallic  silver.  The 
unaltered  iodide  may  be  removed  by  dissolving  it  in  cyanide  of 
potassium  or  sodium  thiosulphate,  and  from  the  negative  thus 
obtained  any  number  of  positive  prints  can  be  prepared,  each  of 
which  is  afterwards  fixed  in  sodium  thiosulphate.  The  application 
of  collodion  renders  the  process  much  more  certain,  shortens  the 
necessary  exposure  to  a  few  seconds,  and  admits  of  a  far  greater 
degree  of  precision  in  the  reproduction  of  detail  than  was  possible 
on  the  rougher  surface  of  paper  in  the  Talbotype. 

Many  attempts  were  made  to  lessen  the  inconvenience 
attaching  to  wet  plate  photography  by  washing  the  plate  free 
from  silver  nitrate,  covering  it  with  a  film  of  some  substance 
such  as  tannin,  albumin,  &c.,  and  then  drying. 
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All  these  plates  are,  however,  much  surpassed  in  sensitiveness 
towards  light  by  the  modern  dry  plate,  which  consists  of  a  glass 
plate  coated  with  an  emulsion  in  gelatin  of  silver  bromide,  some- 
times accompanied  by  a  little  iodide.  This  emulsion  is  made  by 
adding  ammoniacal  silver  nitrate  to  a  solution  of  an  excess  of 
potassium  bromide  and  gelatin  in  hot  water.  The  mixture  is  then 
heated  at  4.5°  for  some  time,  a  process  termed  "  ripening," 
until  the  emulsion  attains  its  most  sensitive  condition.  During 
this  operation  a  physical  change  appears  to  occur,  the  particles 
of  bromide,  which  when  first  precipitated  have  a  diameter  of 
0'0008-0'0015  mm.,  increasing  during  the  process  to  0'003- 
0*004  mm.  in  diameter.  The  emulsion  is  then  washed,  to 
remove  the  potassium  bromide  and  nitrate,  placed  on  the  plate 
in  a  uniform  film  and  dried.  When  such  a  plate  is  exposed  to 
light  a  latent  image  is  produced  which  can  be  developed  by  many 
reducing  agents  which  do  not  attack  unexposed  silver  bromide. 
The  reducing  agents  employed  as  developers  include  ferrous 
oxalate,  which  passes  during  the  process  into  ferric  oxalate, 
pyrogallic  acid  (tri-hydroxybenzene),  hydroquinone  (quinol, 
jjcM-a-dihydroxybenzene)  and  metol  (para-methylamino-phenol) ; 
in  presence  of  an  alkali  such  as  ammonia  or  potassium  carbo- 
nate, these  hydroxy-compounds  are  converted  by  oxidation 
into  quinones  and  similar  substances.  In  order  to  prevent  too 
vigorous  development  and  consequent  fogging  of  the  plate, 
a  restrainer  or  retarder,  consisting  of  the  bromide  of  the 
alkaU  used,  is  added  to  the  developer.^  The  plates  are  then 
"  fixed "  by  washing  with  sodium  thiosulphate  solution,  which 
dissolves  out  the  silver  bromide  unacted  on  by  the  developer, 
leaving  the  silver  image. 

The  exact  change  in  the  sensitive  salt  that  is  effected  by  the 
hght  is  not  yet  understood,  the  chief  fact  known  being  that  the 
developer  removes  the  bromine  from  the  silver  bromide  where  the 
light  has  fallen  upon  the  film,  whilst  it  is  unable  to  bring  about 
this  change  in  those  parts  of  the  film  where  the  light  has  not  pre- 
ceded it.  If  an  exposed  plate  be  treated  with  a  halogen  element 
or  an  oxidising  agent  such  as  nitric  acid,  potassium  dichromate, 
&c.,  it  is  found  that  the  image  can  no  longer  be  developed. 

Several  theories  have  been  advanced  as  to  the  nature  of  this 
change,  all  of  which  may  be  classed  into  two  groups ;  the  one 
attributing  it  to  a  chemical  and  the  other  to  a  physical  change 

1  See  Llippo-Craraer,  Zeit.  Chem.  Ind.  KoUoide,  1909,  4,  92,  and  Sheppard, 
ibid.,  1909,  5,  43. 
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in  the  silver  bromide.  According  to  the  first  of  these  views,  the 
light  causes  a  very  small  amount  of  bromine  to  be  lost  by  the 
silver  bromide,  a  sub-bromide  being  formed.  This  bromine  is 
taken  up  by  the  gelatin,  which  thus  acts  as  a  sensitiser  and  re- 
places the  silver  nitrate  of  the  wet  collodion  plate  and  the  tannin 
of  the  dry  collodion  plate.  Many  hold  that  the  sub-bromide  thus 
formed  has  the  composition  Ag^Br,  whilst  Eder,^  from  the  altera- 
tion in  the  action  of  certain  reagents  on  plates  exposed  to  light 
for  varying  periods,  concludes  that  several  sub-bromides  are  ob- 
tained depending  on  the  length  of  the  exposure.  Another 
view  is  that  an  oxybromide  of  silver  is  formed  with  loss 
of  bromine,  and  not  a  sub-bromide.  During  development 
the  altered  silver  bromide  is  first  reduced  and  the  reduc- 
ing action  becomes  extended  to  the  silver  bromide  in  the 
immediate  proximity  of  this  reduced  silver.  It  will  be  seen 
that  according  to  this  theory  the  density  of  the  silver  image 
which  can  be  obtained  by  development  is  limited  only  by  the 
thickness  of  the  film,  the  amount  of  silver  produced  increasing 
steadily  with  the  duration  of  the  development.  It  has,  however, 
been  shown  by  Hurter  and  Driffield  ^  that  the  maximum  density 
attainable  depends  entirely  on  the  length  of  the  exposure  and 
the  intensity  of  the  light,  and  is  not  altered  by  prolonging  the 
development  beyond  a  certain  necessary  time.  The  same 
chemists  have  further  proved  that  when  a  plate  is  exposed  so 
long  that  the  whole  of  its  silver  bromide  can  be  reduced  to 
metallic  silver  by  development,  no  evidence  of  the  formation  of 
hydrobromic  acid,  which  would  accompany  the  action  of  bromine 
on  gelatin,  can  be  detected,  and  that  the  whole  of  the  bromine 
in  the  plate  is  given  up  to  the  developing  liquid. 

It  has,  moreover,  been  found  by  Dewar  that  gelatin  emulsions 
of  silver  bromide  remain  sensitive  to  light,  although  to  a  some- 
what smaller  extent,  even  at  a  temperature  of  -252-5°  C,  at 
which  nearly  all  chemical  reactions  proceed  extremely  slowly. 

These  results,  therefore,  have  given  rise  to  the  view  that  no 
chemical  decomposition  is  brought  about  by  the  light,  but  that 
the  silver  bromide  molecule  undergoes  a  physical  alteration 
which  renders  it  capable  of  being  reduced  by  the  developer. 

'  Eder,  Address  to  the  Viennese  Academy  of  Sciences,  British  Jmim. 
Phot.,  1905,  52,  950  and  968;  see  also  Trivelli,  Proc.  K.  Akad.  Wetensch. 
Amsterdam,  1909,  11,  730. 

-  J.  Soc.  Chem.  Ind.,  1890,  9,  455;  Sheppard  and  Mees,  Proc.  Roy.  Sac, 
1905,74,44, 
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Joly.i  who  supports  the  physical  hypothesis,  considers  that 
the  light  causes  an  electronisation  of  the  silver  bromide. 

It  is  well  known,  from  the  experiments  of  Hertz  and  others, 
that  light  has  the  power  of  discharging  negative  electrification 
from  the  surface  of  many  bodies ;  that  is,  of  bringing  about  the 
escape  of  negatively  charged  electrons  (p.  40) ;  and  such  bodies 
are  termed  "  photo-electric."  It  has  also  been  found  that  the 
halogen  salts  of  silver  are  vigorously  photo-electric,  and  possess 
an  activity  in  the  descending  order,  bromide,  chloride,  and 
iodide,  which  is  the  same  order  as  their  photographic  sensitive- 
ness. 

Moreover,  an  image  capable  of  development  is  also  formed  by 
the  action  of  cathode  rays,  or  the  electronic  discharge  from 
radium.  Joly,  therefore,  considers  that  the  latent  image  is 
made  up  of  atoms  or  molecules  electronised  by  the  action 
of  light  on  the  silver  halide  salt,  and  that  it  is  upon  these  that 
the  developer  acts.  A  number  of  experiments,  in  which  the 
rate  of  action  of  developers  upon  the  silver  bromide  of  exposed 
plates  was  measured,  have  been  carried  out  by  Sheppard  and 
Mees,^  and  their  results  point  to  the  conclusion  that  the 
reducing  agent  in  the  development  acts  upon  ionised  silver 
bromide  with  formation  of  metallic  silver. 

H.  Weitz  ^  considers  the  latent  image  to  consist  of  a  solid 
solution  of  silver  sub-halide  and  possibly  silver  in  silver  halide, 
but  Llippo-Cramer  *  considers  that  the  assumption  of  the  forma- 
tion of  sub-chloride  or  sub-bromide  is  unnecessary  and  that 
the  latent  image  is  a  colloidal  compound.  He  also  explains 
the  peculiarities  of  the  silver  deposits  obtained  with  different 
developers,  and  with  gelatin  and  collodion  films,  by  the  more  or 
less  colloidal  nature  of  the  silver  and  by  adsorption  of  different 
substances  from  the  developers.^ 

The  question  cannot,  however,  as  yet  be  considered  as  settled. 

226  Action  of  Light  of  Different  Degrees  of  Befrangihility  on 
the  Salts  of  Silver. — Scheele  observed  that  the  violet  rays  of  the 
solar  spectrum  are  those  which  affect  silver  chloride  most 
strongly,  and  to  these  the  name  of  chemical  rays  has  frequently 
been  given.  It  has,  however,  been  shown  that  all  the  rays  of 
the  solar  spectrum  are  able,  under  certain  circumstances,  to 
'  Address  to  the  Photographic  Convention  of  the  United  Kingdom, 
Dublin,  1905 ;  British  Journ.  Phot.,  1905,  52,  551. 

2  Proc.  Roy.  Soc,  1905,  74,  447  ;  1905,  76,  A,  226  ;  1907,  78,  A,  461. 

3  Zeit.  phyaikal.  Chem.,  1906,  54,  305. 

^  Zeit.  Chem.  Ind.  Kolloide,  1907,  2,  135.  "  lUd.,  1S08,  3,  33,  135. 
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effect  chemical  change,  each  particular  chemical  compound 
being  decomposed  by  the  ra)'s  upon  which  it  is  most  capable  of 
exerting  an  absorbent  action.  Not  only  is  this  the  case,  but 
an  addition  to  the  sensitive  compound  of  certain  coloured, 
but  chemically  inactive,  substances  has  the  effect  of  altering 
the  position  of  the  maximum  of  chemical  action  for  that 
particular  compound.  Thus,  for  example,  it  is  possible  by  the 
addition  of  a  yellowish-red  colouring  matter,  such  as  aurin,  to 
the  bromide  film  to  prepare  a  plate  which  is  more  affected  by 
the  yellow  rays  than  the  untreated  plate,  whilst  the  addition  of 
erythrosin  confers  increased  sensitiveness  to  the  yellow  and 
orange  rays,  and  of  cyanin  to  the  red  rays. 

These  dyes  cause  the  bromide  film  with  which  they  are 
mixed  to  be  specially  sensitive  to  the  rays  corresponding 
roughly  to  their  absorption  spectra.  In  this  way  Draper,^ 
Vogel,^  and  Abney  ^  have  succeeded  in  photographing  the  lines 
of  the  visible  solar  spectrum  from  b  downwards,  and  have  not 
only  secured  pictures  of  the  portions  included  between  the  lines 
S  and  ^,  but  have  obtained  photographic  action  even  in  the 
infra-red  regions.  Orthochromatic  plates  are  now  made  by 
means  of  which  the  relative  intensity  of  the  various  colours  to 
the  eye  is  much  more  truly  represented.*  The  exact  function  of 
the  dyes  in  producing  this  effect  is  not  understood,  but  they  are 
known  to  be  photo-electric,  and  it  has  been  suggested  by  Joly 
that  the  electron-producing  power  for  that  particular  ray 
absorbed  by  the  dye  is  responsible  for  the  special  sensitiveness 
it  produces  in  the  film. 

For  a  full  account  of  the  theory  and  practice  of  photography, 
the  reader  is  referred  to  Abney's  "  Instruction  in  Photography," 
Chapman  Jones's  "  Science  and  Practice  of  Photography,"  and 
to  Meldola's  "  Chemistry  of  Photography." 

Detection  and  Estimation  of  Silver. 

227  There  is  probably  no  element  whose  presence  can  be 
more  readily  detected  by  chemical  methods  than  silver,  owing 
to  its  chloride  being  insoluble  in  water  and  easily  soluble 
in  ammonia.  In  order  to  detect  silver  in  an  insoluble  com- 
pound, it  may  be  melted  with  sodium  carbonate  on  charcoal 

1  Phil.  Mag.,  1877,  [5],  3,  86.  2  Ann.  Phys.  Chem.,  1885,  26,  527- 

2  Phil.  Mag.,  1878,  [5],  5,  61. 

*  See  Bothamley,  JJril.  Assoc.  Sep.,  1895,  661. 
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before  the  blowpipe  or  simply  heated  on  charcoal  in  the 
reducing  flame  of  the  blowpipe.  Silver  is  then  obtained  in  the 
metallic  state  as  a  bright  shining  bead,  which  easily  dissolves  in 
warm  nitric  acid,  the  solution  giving  on  the  addition  of  hydro- 
chloric acid  a  curdy  precipitate  of  silver  chloride,  or,  if  only  a 
trace  of  silver  be  present,  a  mere  opalescence.  This  disappears 
on  the  addition  of  ammonia,  but  is  reproduced  when  the 
ammonia  is  neutralised  with  nitric  acid. 

The  spark  spectrum  of  silver  is  obtained  by  the  use  of 
poles  of  the  metal  with  a  powerful  discharge.  It  may  also  be 
seen  when  platinum  poles  are  moistened  with  silver  nitrate 
solution.  Two  bright  green  lines  are  the  most  characteristic  in 
its  spectrum,  and  several  weaker  lines  occur  in  both  the  blue 
and  the  violet. 

Silver  is  estimated  gravimetrically  as  the  chloride.  The 
precipitate  after  washing  and  drying  is  heated  in  a  porcelain 
crucible  until  it  begins  to  raelt,  and  then  its  weight  is  obtained. 
In  some  few  cases  the  silver  is  determined  as  the  cyanMe  or 
sulphide,  and,  in  the  case  of  organic  silver  salts,  the  metal  which 
remains  behind  on  heating  the  salt  is  weighed. 

Silver  can  also  be  easily  determined  volumetrically  with 
standard  hydrochloric  acid,  common  salt  solution,  or  potassium 
thiocyanate.  In  the  mints,  where  a  large  number  of  silver 
assays  has  to  be  made  daily,  a  method  proposed  by  Gay  Lussac  ^ 
is  often  adopted.  In  this  process  the  alloy  is  dissolved  in  nitric 
acid,  and  the  silver  precipitated  from  solution  in  the  form  of 
chloride,  the  volume  of  the  standard  solution  necessary  for  the 
complete  precipitation  of  the  silver  being  ascertained.  Chemically 
pure  silver  is  required  for  standardisation  ;  this  is  best  used  in 
the  form  of  thin  foil ;  then  a  standard  solution  of  common  salt  is 
needed  of  such  a  strength  that  100  c.c.  correspond  exactly  to 
one  gram  of  silver ;  thirdly  a  salt  solution  1-lOth  of  this  strength, 
prepared  by  diluting  one  volume  of  the  standard  solution  to  ten 
volumes. 

Sufficient  of  the  alloy  (of  which  the  composition  must  be 
known  approximately)  to  contain  a  little  more  than  one  gram  of 
silver  is  accurately  weighed,  placed  in  a  bottle,  and  dissolved  in 
nitric  acid.  One  hundred  c.c.  of  the  standard  solution  of  salt  are 
then  added  and  the  bottle  well  shaken.  The  titration  is  then 
continued  with  the  1-lOth  strength  solution  until  precipitation 

'  Instruct,  sur  I'Essai  des  Mnfih-es  d'Argent  par  la  Voie  Humide.  Paris, 
1833. 
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is  complete.  Each  c.c.  of  standard  solution  corresponds  to  O'Ol 
gram,  and  each  c.c.  of  the  second  solution  to  O'OOl  gram  of  silver. 

Another  method  of  assaying  silver  still  used,  although  not  so 
accurate  as  the  method  just  described,  is  the  assaying  of  silver 
by  cupellation.  This  process  depends  on  the  fact  that  the 
metals  alloyed  with  silver  oxidise  in  the  presence  of  lead  oxide  at 
a  high  temperature,  yielding  an  oxide  which,  together  with  the 
oxide  of  lead,  is  absorbed  by  the  porous  cupel,  whilst  any  silver 
which  the  mixture  contains  is  left  behind  in  a  bright  globule 
which  can  be  accurately  weighed.  The  assay  is  usually  made 
with  0'25  to  0"5  gram  of  silver.  The  process  of  assaying  by 
cupellation,  even  in  experienced  hands,  may  vary  as  much  as 
two  parts  in  1,000,  whilst  Gay  Lussac's  process  admits  of  an 
accuracy  of  0'5  in  1,000.  The  process  of  cupellation  is, 
however,  still  in  use  in  lead  works,  where  it  is  required  to 
determine  the  amount  of  silver  which  marketable  lead  con- 
tains, and  it  is  also  used  for  the  estimation  of  silver  in  ores. 

The  electrolytic  method  has  also  been  used  for  the 
determination  of  silver,  a  solution  of  the  nitrate  being  used,  and 
alcohol  or  potassium  cyanide  added  to  prevent  theTormation  of 
the  black  compound  described  on  page  465.'^ 

The  atomic  weight  of  silver  was  determined  with  considerable 
accuracy  by  Stas,  by  the  methods  described  on  p.  13,  the 
average  of  the  numbers  obtained  by  the  different  methods  being 
107-93. 

Guye  and  Ter  Gazarian  ^  have  found  that  potassium  chlorate 
crystallises  with  a  small  quantity  of  chloride  as  an  impurity, 
the  amount  being  nearly  constant,  about  2'7  parts  in  the 
thousand.  Applying  this  correction  to  Stas's  ratios,  the  atomic 
weight  of  silver  is  lowered  from  107'93  to  107'89.  The  number 
now  adopted  (1913)  is  107-88. 


GOLD  (AURUM).     Au  =  i97-2. 

228  Of  all  the  metals  gold  was  probably  the  first  to  attract  the 
attention  of  man,  its  occurrence  in  the  native  state,  its  brilliant 
lustre,  and  its  permanence,  rendering  it  an  object  of  value 
from  very  early  times. 

1  Kiister  and  von  Steinwehr,  Zeit.  EhUrochem. ,   1898,  4,  451  ;  Wolman, 
ibid.,  1897,  3,  537. 

2  Compt.  rend.,  1906,  143,  411;  see  also  Richards  and  Wells,  J.  Amer. 
Chem.  Soc,  1905,  27,  459. 
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Metallic  gold  is  mentioned  in  the  0]d  Testament  and  in 
Homer,  and  the  various  names  by  which  it  is  designated  denote 
lustre  or  fine  colour.  Thus  in  the  Hebrew  saMl,  the  root 
signifies  to  glitter;  whilst  the  Greek  word  xP^°'o^>  probably 
derived  from  the  Sanscrit  Tiiranya,  also  signifies  to  glitter  or 
flame.  Our  word  "gold"  probably  is  connected  ^ii\ijvalita, 
which  also  occurs  in  Sanscrit  and  is  derived  from  jval,  which 
means  to  shine.  As  being  the  most  perfect  of  the  metals  gold 
was  compared  by  the  alchemists  to  the  sun  :  to  it  were  at- 
tributed the  most  singular  virtues,  and  strenuous  efforts  were 
directed  to  the  transmutation  of  the  baser  metals  into  0  (Sol).i 

Gold  is  usually  found  in  the  native  state,  but  never  perfectly 
pure,  being  always  alloyed  with  more  or  less  silver.  Native 
gold  sometimes  also  contains  small  quantities  of  copper,  and 
traces  of  iron,  bismuth,  platinum,  palladium,  or  rhodium.  Gold 
is  likewise  found  in  the  following  compounds :  bismuth- 
aurite,  AugBi ;  calaverite,  AuTcj ;  sylvanite  or  graphic  tellurium, 
(Au,Ag)Te^ ;  nagyagite  or  foliated  tellurium,  (Pb,Au)2(Te,S,Sb)3 ; 
white  tellurium,  (Au,Ag,Pb)  (Te,Sb)3.  Small  quantities  of  gold 
occur  in  many  pyrites,  blendes,  and  other  ores.  It  has  also  been 
found  in  sea  water.^ 

Native  gold  is  generally  found  in  situ  in  quartz  veins  or  reefs 
which  intersect  metamorphic  rocks,  and  to  some  extent  also  in 
the  wall-rock  of  these  veins.  Metamorphic  rocks  which  are 
thus  intersected  are  generally  chloritic,  talcose,  and  argil- 
laceous schists ;  also,  though  less  commonly,  mica-  and  horn- 
blende-schists;  gneiss,  diorite,  and  porphyry,  and,  still  more 
rarely,  granite.  Gold  is  frequently  found  crystalline,  the 
commonest  forms  being  the  octahedron  and  tetrahedron.  The 
crystals  are,  however,  sometimes  acicular,  through  elongation 
of  these  two  forms,  passing  into  filiform,  reticulated,  and 
arborescent  shapes,  and  occasionally  exhibiting  a  spongy  form 
from  the  aggregration  of  filaments.  It  frequently  occurs  in 
masses  termed  nuggets,  also  in  thin  laminae,  and  often  in 
flattened  grains  or  scales  and  in  rolled  masses  in  sand  or  gravel. 
Sometimes  indeed  it  is  so  finely  disseminated  throughout  the 
quartz  that  it  is  not  visible,  though  present  in  quantities  suffi- 
cient to  pay  for  its  extraction. 

'  Those  interested  in  the  processes  employed  by  the  alchemists  in  the  search 
after  the  philosopher's  stone  are  'referred  to  Thomson's  History  of  Chemistry, 
and  Berthelot,  Collection  des  Anciens  Alchimistes  Grecs,  and  La  Chimie  au 
Moyen  Age  (Paris,  1887-1893). 

2  Liversidge,  Trans,  Boy.  Soc,  N.S.  W.,  1896, 
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The  occurrence  of  gold  is  not  confined  to  the  above-named 
rocks,  the  metal  being  found  in  many  formations,  even  up  to 
the  chalk. 

The  sands,  gravels,  and  clays  formed  by  the  disintegration  of 
the  gold-bearing  rocks  form  an  important  source  of  the  precious 
metal,  and  these  alluvial  deposits  often  occur  of  considerable 
thickness  and  of  great  extent. 

The  relative  amount  of  gold  present  both  in  the  quartz  veins 
and  the  alluvial  deposits  is  extremely  small,  varying  from  one 
part  in  70,000  in  the  quartz  to  one  in  1-15  millions  in  alluvium. 

229  Although  gold  occurs  widely  distributed  in  nature  it  is 
only  found  in  certain  places  in  quantities  sufficient  to  repay  the 
expenses  of  extraction.  The  most  important  European  locali- 
ties are  Russia,  Hungary,  and  Germany.  Gold  is  also  found  in 
the  Alps,  but  the  mines  there,  which  were  worked  from  the 
times  of  the  ancients,  are  now  altogether  abandoned  or  worked 
but  very  slightly. 

Gold  has  also  been  found  in  Cornwall,  and  the  precious  metal 
is  now  being  worked  to  a  small  extent  in  Wales.  Gold  has  also 
been  found  in  Scotland,  especially  near  Leadhills,  and  in 
Glencoich  and  other  parts  of  Perthshire,  in  Ireland  in  County 
Wicklow,  in  Sweden,  and  in  Spain,  where  mines  were  worked 
by  the  Romans.  In  Asia,  gold  occurs  chiefly  on  the  eastern 
flanks  of  the  Urals  and  in  other  parts  of  Siberia,  but  the  metal 
has  been  found  in  almost  all  parts  of  this  continent,  especially 
in  India,  Japan,  China,  Korea,  Borneo,  and  the  Dutch  East 
Indies.  The  vessels  of  gold  in  the  possession  of  the  ancient 
Scythians,  which  according  to  Herodotus  were  said  to  have 
fallen  from  the  skies,  were  probably  made  from  Uralian  gold. 
The  mines  in  the  Urals  were,  however,  not  opened  until  the 
year  1819,  but  they  soon  became  of  such  importance  that  they 
supplied  the  greater  portion  of  the  world's  requirements  until 
the  discovery  of  Californian  gold. 

Africa  also  contains  much  gold.  Thus  a  considerable  quantity 
of  gold  dust  has  been  found  in  Abyssinia,  also  on  the  coast 
opposite  Madagascar,  supposed  by  some  to  be  the  O-phir  of 
Solomon,  and  in  various  parts  of  the  interior  of  the  western 
portion  of  the  continent  whence  it  was  formerly  sent  to  the 
Gold  Coast.  Indeed  this  source,  together  with  that  of  Hungary 
and  the  Brazils,  yielded  the  chief  supply  of  gold  up  to  the 
beginning  of  last  century.  West  Africa  has  a  consider- 
able gold-mining  industry.  Since  the  year  1884,  the  gold- 
fields  of  the  Transvaal  have  become  of  great  importance,  the 
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output  having  risen  almost  continuously  since  that  date. 
In  1895  the  amount  of  gold  obtained  from  the  Rand  district 
was  2,549,036  ozs.,  whilst  in  1905  ib  had  increased  to 
4,897,221  ozs.,  and  in  1911  to  8,237,700  ozs.,  surpassing  the 
output  from  any  other  country. 

In  the  year  1849  gold  was  discovered  in  California  by 
Colonel  Sutter,  who  having  erected  a  saw-mill  noticed  that  the 
water  which  was  used  to  work  the  mill  contained  particles  of  gold. 
The  attempt  to  keep  this  discovery  secret  naturally  failed,  and 
the  few  hundred  inhabitants  of  the  city  of  San  Francisco  rushed 
to  the  gold-diggings,  and  were  soon  followed  by  emigrants  from 
all  parts  of  the  world.  For  the  first  few  years  Californian  gold 
was  obtained  entirely  from  alluvial  washings,  but  since  1852 
true  gold-mining  has  been  on  the  increase.  Considerable 
gold-fields  exist  in  the  western  portion  of  the  North  American 
continent,  reaching  from  Mexico  up  to  British  Columbia  and  the 
Klondyke  district. 

Australia  is  another  country  rich  in  gold-fields.  Important 
gold-mines  occur  in  the  table-lands  of  New  South  Wales  and 
along  the  continuation  of  the  Australian  cordillera  in  Victoria, 
in  Queensland  and  Western  Australia,  whilst  smaller  supplies 
are  drawn  from  South  Australia  and  Tasmania. 

It  is  a  matter  of  general  notoriety  that  many  years  before 
anjrthing  was  published  respecting  the  existence  of  gold  in 
Australia,  gold  was  often  brought  into  Sydney  by  shepherds  and 
settlers  in  the  bush.  The  actual  occurrence  of  gold  in  Australia 
was,  however,  first  discovered  by  Count  Strzelecki  in  the  year 
1839,  but  this  was  not  made  known  at  the  time,  inasmuch  as 
the  Governor  feared  the  consequences  of  such  a  statement  in  the 
existing  conditions  of  the  colony.  In  1843-4  Count  Strzelecki 
returned  to  England  and  exhibited  his  nuggets  and  gold  speci- 
mens to  Sir  Roderick  Murchison,  who,  arguing  from  the  com- 
parison of  these  with  samples  from  the  gold-bearing  Urals, 
predicted  that  gold  would  be  found  widely  distributed  in  the 
eastern  chains  of  the  Australian  mountains.  In  the  years 
1841-3  gold  was  also  found  by  the  Rev.  W.  D.  Clarke,  an 
Australian  geologist.  To  Mr.  Hargreaves,  an  old  Californian 
gold-digger,  however,  belongs  the  honour  of  proving,  in  1851, 
that  gold  existed  in  large  quantities  in  various  parts  of. the 
colony,  and  of  showing  how  it  could  be  readily  obtained  from 
alluvial  deposits  by  means  of  the  cradle.  The  first  discovery  of 
workable  gold-fields  was  made  at  Ophir,  and  this  soon  led  to 
the  finding  of  the  precious  metal  in  the  soil  and  rocks  of  the 
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colony  over  tracks  many  miles  in  extent.  After  a  short  time 
the  proclaimed  gold-fields  extended,  with  a  few  intervals,  the 
whole  length  of  the  colony,  and  westward  about  200  miles,  com- 
prising an  area  of  about  1,356  square  miles,  and  numbering 
more  than  eighty  distinct  fields.^ 

Gold  has  also  been  found  in  New  Zealand  and  New  Caledonia. 
The  Australian  is,  as  a  rule,  much  purer  than  the  Californian 
gold,  but  it  is  a  singular  fact  that  the  average  fineness  of  the 
gold  found  in  the  several  Australian  colonies  shows  a  regular 
depreciation  as  we  advance  northwards.  Thus  the  average 
fineness  of  Victorian  gold  is  about  960  ;  that  of  the  New  South 
Wales  gold  is  935,  while  still  further  north  in  Queensland  the 
average  fineness  is  872,  and  Maryborough  gold  contains  only 
85  per  cent,  of  gold  and  as  much  as  14  per  cent,  of  silver.^ 
Very  large  nuggets  occur  in  Australian  fields;  thus,  for  instance, 
one  found  at  Ballarat  weighed  184  pounds  and  was  valued  at 
£8,376  10s.  6d. 

The  total  production  of  gold  reached  a  very  high  mark  in  the 
fifties  when  the  Australian  discoveries  followed  on  the  opening 
of  the  Californian  fields.  During  these  years  the  annual  pro- 
duction averaged  £30,000,000,  but  afterwards  gradually  fell  off, 
until  in  the  period  1 880-90  it  averaged  only  about  £20,000,000. 

Since  that  date  it  has  constantly  increased  with  the 
exception  of  the  years  1900-1902,  when  the  production  was 
affected  seriously  by  the  Boer  War.  This  increase  is  chiefly 
due  to  the  large  output  from  Africa  consequent  upon  the 
development  of  the  Transvaal  fields,  but  also  because  of  the 
improved  methods  employed  for  the  extraction  of  the  metal. 

The  following  figures  give  the  production  in  ounces  of  fine 
gold  from  each  of  the  great  gold  producing  countries  for  the 
years  1895,  1905,  and  1910.^ 


1896. 

1905. 

1910. 

Australasia    . 

.    2,070,335 

4,159,220 

.      3,160,605 

United  States  . 

2,261,612 

.      4,260,504      . 

.      4,657,017 

Russia    ... 

.    1,537,584      . 

1,063,883      . 

1,716,722 

Transvaal . 

1,811,391 

.      4,897,221 

7,526,860 

Rest  of  Africa  . 

257,806 

580,620 

891,708 

India          .        .    . 

218,186 

576,889      . 

546,862 

Canada  .           .    . 

92,448      . 

700,863 

493,751 

Mexico  .... 

270,924 

702,799 

1,093,053 

Other  Countries 

1,203,325      . 
9,723,612      . 

.      1,489,071      . 
.    18,431,070 

.      1,847,906 

Total  .        .    . 

.    21,934,484 

1  Liversidge,  Trans.  Hoy.  Soc,  N.S.  W.,  ix.,  153. 

2  Miller,  Trans.  Roy.  Soc,  N.S.W.,  1870. 

3  Mineral  Indmtry,  1897,  6,  260  :  1905,  14,  236  ;  1911,  20,  283. 
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Composition  of  Native  Gold. — The  following   table  gives   the 
composition  of  several  kinds  of  native  gold. 


Barbara 

Katharine- 

Locality. 

(Sieben- 
bilrgen). 

berg 
(Ural). 

Senegal. 

Bolivia. 

California. 

Australia. 

Transvaal. 

Analyst. 

Eose. 

Rose. 

Levol. 

Forbes. 

Hunt. 

Northcote. 

Cohen. 
94-48 

Gold     .    . 

84  80 

93-34 

94-40 

94-73 

89-24 

99-28 

Silver   . 

14-68 

6-28 

5-85 

5-23 

10-76 

0-44 

5-16 

Iron  .    .    . 

013 

0-32 

— 

0-04 

— 

0-20 

Trace 

Copper     . 

0  04 

0-06 

— 

— 

— 

0-07 

0-25 

Platimira . 

— 

— 

0-15 

— 

— 

— 

— 

Bismuth  . 

— 

— 

— 

— 

0-01 
100  00 

~~ 

99-65 

100-00 

100-40 

100-00 

100-00 

99-89 

230  Gold  Extraction. — The  simplest  method  of  extracting  gold, 
namely,  alluxial-washing  ov  placer  digging,  as  it  is  termed  in  Cali- 
fornia, carried  on  from  the  simple  pan-washing  to  hydraulic  min- 
ing on  a  stupendous  scale,  necessarily  requires  a  considerable 
quantity  of  running  water.  This  or  a  similar  process  was  in  use 
amongst  the  ancients;  thus  Pliny  describes  the  "bringing  of 
rivers  from  the  mountains,  in  many  instances  for  a  hundred 
miles,  for  washing  the  debris,"  &c.,  &c. 

The  washing  apparatus  is  simple  enough,  though  frequently 
ingenious.  The  simplest  of  all  these  operations  is  that  termed 
pan-washing,  in  Avhich  a  shallow  pan  is  used,  of  iron  or  zinc, 
sinking  into  a  cavity  in  the  middle  in  which  the  heavy  par- 
ticles collect,  whilst  the  lighter  dirt  is  washed  away.  The 
wash-dirt  or  wash-stuff  is  brought  into  the  pan  in  a  stream 
of  running  water  and  the  mass  well  stirred  up  with  the  hand 
so  that  the  larger  stones  and  heavy  particles  are  left  whilst 
the  mud  flows  over  the  edge  of  the  pan.  The  gold,  which  is 
found  when  the  stones  are  picked  out,  is  usually  mixed  with 
magnetic  sand ;  it  is  dried  and  then  brought  into  a  shallow  dish, 
and  the  black  sand  separated  by  blowing,  the  whole  being  kept 
in  a  state  of  constant  rotation. 

The  cradle  is  another  simple  apparatus  for  gold-washing,  much 
used  in  the  early  days  of  the  gold  discoveries  in  California  and 
Australia.  It  consists  of  a  trough  or  cradle  of  wood  or  iron 
six  or  seven  feet  in  length  under  which  rockers  are  placed,  so 
arranged  that  the  cradle  has  a  slanting  position  to  allow  the  mud 
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and  water  to  run  ofif.  At  the  top  of  the  cradle  is  a  grating 
or  sieve  upon  which  the  wash-stuff  is  thrown,  and  transverse 
bars  of  wood  are  placed  across  the  bottom  of  the  cradle  to 
arrest  the  passage  of  the  heavier  particles  of  gold.  Four  men 
are  needed  to  work  this  efiSciently ;  one  digs  out  the  auriferous 
wash-stuff,  another  brings  it  to  the  cradle,  a  third  rocks  the 
trough,  and  the  fourth  attends  to  the  proper  supply  of  water 
and  the  uniform  washing  of  the  material. 

Other  forms  of  apparatus  used  for  washing  gold-bearing 
deposits  are  the  long  tom  and  the  sluice.  The  long  to7n  consists 
of  an  inclined  trough  about  12  feet  long,  the  lower  end  of 
which  is  closed  by  a  screen  inclined  at  an  angle  of  about  45°. 
Below  this  screen  is  placed  the  upper  end  of  a  rififie-box, 
consisting  of  another  trough  12  feet  long  fitted  with  riffles 
which  are  sometimes  supplied  with  mercury.  The  gravel  is 
shovelled  into  the  upper  trough  and  a  stream  of  water  is 
allowed  to  play  upon  it,  washing  down  the  fine  gravel  and  gold 
into  the  riffle-box  where  the  coarse  gold  is  caught  on  the  riffles. 

The  shiice  consists  of  a  number  of  boxes,  hundreds  sometimes 
being  used,  each  resembling  the  upper  box  of  the  long  tom; 
they  are  about  12  feet  long  and  4  inches  wider  at  one  end  than 
at  the  other,  the  narrow  end  of  each  box  fitting  into  the  wide 
end  of  that  next  below  it.  Riffle  boxes  are  placed  at  certain 
intervals  in  these  boxes  to  intercept  all  heavy  particles  that 
pass  down,  such  as  gold,  mercury,  amalgam,  pyrites,  &c.  The 
usual  grade  of  the  boxes  varies  from  8  inches  to  20  inches  in 
12  feet,  depending  on  the  fall  of  the  ground,  on  the  nature  of 
the  material  to  be  washed  and  on  the  amount  of  water  avail- 
able. A  certain  amount  of  mercury  is  added  in  sluicing  to  aid 
in  the  collection  of  the  gold. 

231  HydrmcUcing. — This  method  of  working  is  largely  used 
in  California  and  New  Zealand.  It  consists  in  breaking  down 
the  auriferous  gravel  by  the  impact  of  powerful  jets  of  water 
and  allowing  the  disintegrated  material  to  pass  along  a  series  of 
sluices.  To  carry  out  this  process  successfully,  an  immense 
amount  of  water  is  necessary  under  a  good  pressure,  a  head  of 
from  100  to  300  feet  generally  being  used.  The  nozzles  for  the 
discharge  of  the  water  vary  in  size  up  to  11  inches  in  diameter, 
and  require  special  appliances  to  control  them.  The  sluices 
used  are  similar  to  those  described  above,  but  are  larger  and 
made  altogether  stronger.  A  quantity  of  mercury  is  generally 
used  to  amalgamate  and  help  to  collect  the  gold. 
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232  Extraction  of  Gold  from  Quartz,  &c. — The  general  method 
for  the  extraction  of  the  Gold  from  quartz  consists  in  crushing 
the  ore  first  to  a  moderate  size  in  a  rock-breaker,  and  then  to  a 
much  finer  state  (usually  with  water)  in  a  stamp^battery.^ 

A  stamp  hattery  (Fig.  120)  consists  of  a  number  of  stamps, 
which  are  heavy  pestles  made  of  iron  or  steel  weighing  from 
400  to  1,750  lbs.  each  ;  these  are  raised  by  means  of  cams,  keyed 
to  a  horizontal  shaft,  coming  in  contact  with  tappets  fixed  on 
to  the  upper  portion  of  the  stems,  and  are  allowed  to  fall  by 
their  own  weight.      These   stamps   work  in  mortars  made  of 


Fig.  120. 

cast  iron  and  weighing  from  1^  to  3  tons;  as  a  general  rule 
five  stamps  work  in  each  mortar.  Mercury  is  often  placed 
inside  the  mortar,  and  the  upper  portions  and  sides  of  the 
latter  are  lined  with  amalgamated  copper-plates.  The  pulp  is 
discharged  through  screens  of  varying  sizes  according  to  the 
nature  of  the  material  under  treatment,  and  then  passes  over  a 
series  of  amalgamated  plates,  the  tailing  being  generally 
treated  by  the  cyanide  process  for  the  extraction  of  the  re- 
maining gold. 

1  Frequently  ball  mills  and  rolls  are  used  instead  of  the  stamp  battery, 
especially  in  those  cases  in  which  the  ore  is  crushed  dry.  -Ball  mills  are  not 
suitable,  however,  for  w#t  crushing  or  for  extremely  hard  ores. 

VOL.  II.  ^  '' 
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Very  often  the  tailings  from  stamp  batteries  contain 
a  certain  proportion  of  heavy  minerals,  such  as  iron  pyrites, 
copper  pyrites,  galena,  &c.,  and  as  these  contain  gold  which  is 
not  collected  on  the  amalgamated  plates,  they  are  extracted 
in  some  form  of  concentrating  machine  and  are  called  con- 
centrates. When  these  consist  of  copper  pyrites  or  galena 
they  are  treated  by  smelting,  but  when  they  consist  of  iron 
pyrites  they  are  treated  by  Plattner's  chlorine  process  or  by  the 
cyanide  process.  The  gold  amalgam  is  scraped  off  the  plates 
at  certain  intervals  by  means  of  rubber  pads,  cleaned,  strained 
through  wash-leather,  and  heated  in  iron  retorts,  the  porous 
gold  which  remains  being  melted  and  cast  into  iron  moulds. 

Many  methods  have  been  proposed  for  promoting  the  amalga- 
mation of  the  gold  contained  in  the  crushed  ore,  but  the  use  of 
various  materials  for  this  purpose  was  much  more  general 
in  the  past  than  at  the  present  time.  The  chief  substance 
used  is  potassium  cyanide,  which,  in  the  form  of  a  dilute 
solution,  is  supposed  to  assist  amalgamation ;  its  action  is 
probably  a  cleansing  one,  keeping  the  mercury  free  from  grease 
and  oil,  and  thus  rendering  it  more  active.  Sodium  is 
also  used  to  clean  the  mercury  before  applying  it  to  the  plates. 
It  is  essential  that  all  traces  of  grease  be  removed  from  the 
plates  before  amalgamation,  and  for  this  purpose  a  solution 
of  caustic  soda  or  sodium  carbonate  is  used. 

The  losses  of  gold  during  amalgamation  may  be  due  to 
insui3ficient  care  on  the  part  of  the  men,  to  the  use  of  a  method 
of  working  unsuitable  to  the  ore,  to  the  presence  of  float-gold, 
to  the  presence  of  injurious  minerals  in  the  ore,  or  to  improperly 
kept  plates.^ 

233  Gold  Extraction  hy  Chlorine. — For  the  purpose  of  extract- 
ing gold  from  auriferous  pyrites  Plattner's  chlorine  method  is 
sometimes  employed.  In  this  process  the  pyrites  is  roasted,  in 
order  to  remove  the  sulphur  and  arsenic  and  to  render  the  ore 
porous,  then  moistened  with  water,  and  placed  in  tubs  furnished 
v,'ith  false  bottoms,  beneath  which  chlorine  is  introduced. 
After  all  the  air  has  been  replaced  by  chlorine,  and  the  whole 
mass  has  become  impregnated  with  this  gas,  the  tubs  are 
allowed  to  stand  for  about  twenty-four  hours,  and  the  soluble 
gold  chloride  washed  out  with  water. 

In  some  cases  the   chlorination  is  carried  out  in  revolving 

'  Full  information  concerning  the  metallurgy   o£  gold  may  be  found   in 
The  Metallurgy  of  Gold  by  Rose  (Griffin  &  Co.),  1902, 
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lead-lined  steel  barrels  or  cylinders,  the  chlo^ne  being  produced 
by  the  action  of  sulphuric  acid  on  bleaching  powder  placed 
inside  the  barrel.  In  this  way  a  pressure  of  about  two  atmo- 
spheres is  produced,  and  a  charge  of  3^  tons  is  chlorinated  in  an 
hour  and  a  half.  The  gold  chloride  solution  is  filtered  through, 
an  asbestos  cloth  placed  inside  the  barrel  and  passes  directly 
into  the  precipitation  tank.  The  metal  may  be  precipitated 
from  the  solution  by  a  number  of  different  substances,  the 
chief  of  which  are  ferrous  sulphate,  sulphuretted  hydrogen,  solid 
charcoal  and  sulphide  of  iron  or  copper ;  the  reaction  being  as 
follows  in  the  case  of  ferrous  sulphate : 

AUCI3  -f  3FeS0,  =  Au  +  FeCl.,  -1-  Fe^CSOJg. 

Sulphuretted  hydrogen  and  metallic  sulphides  precipitate  a 
sulphide  of  the  metal,  whilst  charcoal  precipitates  the  metal. 
The  precipitate  is  collected,  dried,  roasted  if  it  consist  of  the 
sulphide,  and  the  metal  then  fused  with  borax.^ 

At  Mount  Morgan  a  modification  of  the  chlorination  process  is 
employed  in  which  the  crushed  ore  is  leached  with  chlorine 
water,  the  gold  being  precipitated  from  solution  by  means  of 
charcoal. 

It  has  also  been  proposed  to  employ  bromine  for  the  extrac- 
tion of  gold,  either  as  bromine  water  or  by  liberating  nascent 
bromine  by  the  action  of  sulphuric  acid  on  a  mixture  of  bromide 
and  bromate  of  sodium  or  calcium. 

234  The  MacArthu7'-Forrest  Cyanide  Process.— Finely-divided 
gold  dissolves  readily  in  a  weak  solution  of  potassium  cyanide 
in  the  presence  of  atmospheric  oxygen,  a  soluble  double  cyanide 
being  formed : 

4Au  -f-  8KCN-t-02  +  2H20  =  4KAu(CN),  +  4K0H. 

This  reaction  is  now  employed  on  a  very  large  scale  for  the 
extraction  of  gold  from  the  tailings  obtained  from  the  stamp 
batteries,  which  only  contain  a  small  amount  of  metal,  and  from 
such  ores  as  are  not  readily  treated  by  amalgamation.  The 
process  consists  of  four  operations,  viz. :  the  preparation  of 
the  ore ;  treatment  with  solution  of  potassium  cyanide ;  pre- 
cipitation of  the  gold  ;  and  treatment  of  the  precipitated  gold. 

In    many    cases    the    tailings    from    the    stamp   batteries 

only  need  sizing   in  order  to  be  ready  for  the  process,  and 

this  sizing  consists  of  the  separation  of  slimes  or  very  finely- 

1  /.  Soc.  Chem.  Lid.,  1896,  15,  336. 
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divided  ore  from  the  sandy  portions,  as  these  slimes  tend  to 
resist  the  percolation  of  the  cyanide  solutions.  In  the  case  of 
low  grade  ores  which  are  treated  direct  by  the  cyanide  process 
these  are  crushed  down  by  rock-breakers  and  rolls,  care  being 
taken  to  prevent  the  formation  of  slimes. 

For  the  treatment  with  cyanide  solution,  large  vats  are  used, 
made  of  wood,  iron,  or  cement,  and  holding  from  10  to  600  tons 
of  material.  These  vats  are  provided  with  false  bottoms  which 
usually  consist  of  frameworks  of  wood  pierced  with  holes  and 
covered  by  canvas  or  cocoanut  matting,  below  this  being  placed 
a  layer  of  coarse  sand  and  pebbles.  The  vats  are  filled  to 
within  a  few  inches  of  the  top  and  levelled. 

It  is  often  found  advisable  before  treating  with  the  cyanide 
solution  to  give  a  preliminary  wash  with  water  to  remove 
soluble  salts,  or  to  use  a  solution  of  soda  or  lime  to  neutralise 
acids  due  to  the  decomposition  of  pyrites  in  the  ore.  In  the 
Transvaal  the  material  is  first  treated  with  a  solution  of  cyanide 
containing  about  0'3  per  cent,  of  KCN,  which  is  allowed  to 
percolate  for  a  period  varying  from  6  to  24  hours  according  to 
the  richness  and  nature  of  the  ore ;  then  a  further  treatment 
with  a  weak  solution  containing  0'05  to  015  per  cent,  is  made, 
lasting  from  24  to  48  hours.  The  amount  of  liquid  used  is 
generally  about  half  a  ton  for  every  ton  of  ore.  After 
the  treatment  with  cyanide  is  finished,  that  is,  when  no 
more  gold  is  being  dissolved,  the  solution  is  drawn  off  as 
completely  as  possible,  and  the  charge  thoroughly  washed  with 
water  and  discharged.  The  tanks  are  emptied  usually  through 
doors  in  the  bottom,  either  by  hand  labour  or  by  sluicing  out 
by  means  of  water  under  pressure. 

During  the  last  few  years  large  quantities  of  unleached  slimes 
from  previous  working  have  been  treated  successfully  at  a  very 
low  cost  by  agitation  in  large  tanks  with  cyanide  solution  for 
the  extraction  of  the  gold.  After  agitation  the  slimes  are 
allowed  to  settle  and  the  gold-bearing  cyanide  solution  is 
drawn  off,  or  else  the  slimes  are  pumped  into  large  filter  presses 
which  separate  the  solution,  leaving  the  solid  matter  in  the 
form  of  cakes. 

Fine  grinding  of  the  whole  of  the  ore  to  pass  through  a  150 
or  200  mesh  sieve  (40,000  holes  to  the  square  inch)  in  tube-mills, 
or  grinding  in  pans  after  partially  pulverising  in  the  stamp 
battery,  followed  by  agitation  and  filter-pressing  in  pressure-  or 
vacuum-filters  of  the  later  types,  of  which  there  are  a  number 
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of  successful  forms  on  the  market,  has  become  the  practice 
recently  adopted  on  many  of  the  great  mines.  In  some  cases 
of  refractory  ores,  roasting  is  found  necessary  before  cyanide 
treatment. 

For  the  precipitation  of  the  gold,  the  cyanide  solutions  from 
the  tanks  are  passed  through  wooden  troughs  divided  by 
baffle  boards  into  a  series  of  compartments  containing  freshly- 
turned  zinc  shavings  which  effect  the  precipitation  of  the  gold  : 

2KAu(CN)2 + Zn  =  2KCN,Zn(CN)2 + 2  Au. 

A  zinc-lead  couple  is  found  to  be  more  effective  for  the 
precipitation  of  gold  from  solutions  containing  copper  and 
from  very  weak  cyanide  solutions,  and  for  this  purpose  the  zinc 
shavings  are  pickled  in  a  10  per  cent,  solution  of  lead  acetate 
until  covered  with  a  black  coating.  The  gold-bearing  cyanide 
solutions  are  sometimes  agitated  with  zinc  dust  and  the 
residues  filter-pressed. 

The  precipitated  gold,  together  with  any  silver  in  the  ore,  is 
separated  as  far  as  possible  from  the  zinc,  and  then  may  be 
treated,  after  roasting,  by  smelting  with  suitable  fluxes,  such 
as  sand,  borax,  and  sodium  bicarbonate.  Plumbago  crucibles 
are  generally  used  for  these  charges,  and  the  resulting  bullion 
may  be  800  fine,  i.e.  contain  800  parts  of  gold  per  1,000. 

Another  method  for  treating  the  precipitated  gold  is  to  dis- 
solve out  the  zinc  with  dilute  sulphuric  acid  and  then  to  wash 
and  dry  the  insoluble  residue  and  smelt  down  with  suitable 
fluxes ;  this  generally  gives  a  bullion  from  850  to  900  flne. 

A  more  recent  process,  which  is  said  to  effect  a  saving  in 
cost  and  to  be  attended  by  less  loss  of  gold,  is  Tavener's  lead- 
smelting  method,  in  which  the  precipitate  is  melted  with 
litharge,  assay  slags  and  sawdust  in  a  reverberatory  furnace  for 
the  production  of  a  lead  bullion  containing  about  10  per  cent, 
of  gold  which  is  afterwards  cupelled. 

In  the  Siemens-Halske  process,  the  gold  is  deposited  from 
solution  by  means  of  an  electric  current.  The  anodes  are  made 
of  iron  and  the  cathodes  on  which  gold  is  deposited  are  of  lead. 
These  sheets  of  lead  are  afterwards  melted  down  and  cupelled 
for  the  extraction  of  the  gold. 

235  Refining  and  Parting  of  Gold. — The  gold  bullion  obtained 
by  the  above  processes  varies  very  considerably  in  composition 
according  to  its  origin  and  the  treatment  to  which  it  has  been 
subjected.      It  usually  contains  a  considerable  amount  of  silver 
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along  with  copper,  iron,  lead,  antimony,  and  other  base  metals. 
When  the  amount  of  these  is  at  all  considerable  it  is  usual  to 
submit  the  bullion  to  a  preliminary  refining  process  before 
removing  the  silver.  This  is  done  by  melting  the  metal  in  a 
crucible  with  borax  and  nitre,  the  base  metals  being  thus 
oxidised  and  removed  by  skimming. 

The  parting  of  silver  from  gold  was  formerly  carried  out  by 
means  of  nitric  acid,  this  process  having  been  first  employed,  it 
would  appear,  at  Venice  in  the  fifteenth  century,  for  extracting 
the  gold  from  Spanish  silver.  It  remained  in  general  use  up  to 
the  beginning  of  last  century,  and  is  still  frequently  employed. 
It  depends  on  the  fact  that  nitric  acid  removes  practically  all 
the  silver  from  an  alloy  of  gold  and  silver,  provided  that  a  suffi- 
cient excess  of  silver  be  present.  It  was  at  first  thought  that 
the  limiting  proportion  was  1  of  gold  to  3  of  silver,  and  hence 
the  process  was  termed  inguartation,  but  it  has  been  found  that 
the  method  succeeds  even  when  as  much  as  1  of  gold  is  present 
to  2  of  silver ;  the  proportion  most  generally  used  is  1  of  gold  to 
2  J  or  2^  of  silver. 

For  this  process  the  bullion  is  first  made  up  to  the  '  parting ' 
proportion,  and  then  granulated.  The  granules  are  boiled  for 
5  or  6  hours  in  nitric  acid  of  specific  gravity  1-2,  the  gold  is 
then  allowed  to  settle  and  the  supernatant  liquor  siphoned 
off  A  second  boiling  for  2  to  3  hours,  and  a  third  for  1  or  2 
hours  follow,  with  nitric  acid  of  specific  gravity  1'4.  The  gold 
residue  is  then  well  washed  with  water,  pressed  and  melted 
down ;  whilst  the  silver  in  solution  is  precipitated  by  means  of 
common  salt  and  reduced  to  metallic  silver  by  means  of  zinc. 

Parting  hy  Sidphuric  Acid.— In  1753  Scheele  discovered  that 
sulphuric  acid  could  be  employed  for  this  purpose.  In  a  memoir 
on  the  subject,  read  before  the  Stockholm  Academy,  he  says : 
"  Sulphuric  acid  also  dissolves  silver  when  no  water  is  amongst 
it,  but  gold  is  not  in  the  least  degree  altered,  so  that  silver  and 
gold  can  be  thus  completely  separated  from  one  another;  but 
such  an  oil  of  vitriol  is  much  dearer  than  nitric  acid,  and  for  this 
reason  it  is  not  advisable  to  use  it  for  this  purpose,  as  there  are 
other  acids  which  cost  less."  Hence  it  was  only  when  sulphuric 
acid  became  cheaper  that  the  process  of  separation  by  its  means 
could  be  carried  out,  and  this  was  done  by  Darcet  in  1802. 

In  order  to  separate  the  two  metals  by  this  method  the  alloy 
must  not  contain  more  than  33  per  cent,  of  gold.  If  it  be  richer 
than  this,  it  must  be  first  melted  with  the  necessary  quantity  of 
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silver.  The  granulated  alloy  is  heated  in  cast-iron  boilers, 
together  with  two  and  a  half  times  its  weight  of  concentrated 
sulphuric  acid  of  specific  gravity  1'85.  Each  vessel  is  covered 
with  a  dome  of  lead,  and  the  sulphur  dioxide  which  is  evolved 
during  the  solution  of  the  silver  is  either  allowed  to  escape  into 
the  air,  or  is  led  into  sulphuric  acid  chambers.  As  soon  as  no 
further  evolution  of  this  gas  takes  place,  sulphuric  acid,  of 
specific  gravity  1'69,  is  added  for  the  purpose  of  dissolving  the 
copper  vitriol.  The  clear  liquid  is  then  allowed  to  flow  into 
leaden  pans  containing  the  mother-liquors  of  copper  vitriol 
formed  in  the  next  operation,  and  the  whole  is  heated  by  steam 
in  order  to  keep  the  slightly  soluble  silver  sulphate  in  solution. 
Here  a  further  quantity  of  gold  is  deposited,  the  clear  liquid  is 
again  drawn  off,  and  the  silver  precipitated  by  means  of  metallic 
copper.  The  finely-divided  gold  is  again  treated  with  sulphuric 
acid  in  order  to  render  it  completely  free  from  silver,  and  after 
having  been  well  boiled,  it  is  washed  and  fused  in  a  plumbago 
crucible  with  sodium  bicarbonate. 

In  a  modified  form  of  the  process  the  sulphuric  acid  solution 
of  the  silver  is  diluted  with  steam,  and  the  silver  sulphate 
allowed  to  crystallise  out.  The  crystals  are  then  removed  and 
reduced  by  heating  in  a  furnace  with  charcoal. 

Parting  hy  Chlorine. — When  gold  does  not  contain  more  than 
10  per  cent,  of  silver,  it  may  be  purified  by  Miller's  process  with 
chlorine  gas,  first  introduced  by  him  in  the  Sydney  Mint.  This 
process  consists  in  melting  the  gold  in  a  clay  crucible  which  has 
been  glazed  inside  with  borax,  and  passing  chlorine  gas  through 
the  molten  metal  by  means  of  a  clay  pipe.  The  chlorine  at  once 
combines  with  the  silver  to  form  silver  chloride,  which  rises  to 
the  surface  of  the  molten  metal,  whilst  the  chlorides  of  zinc, 
bismuth,  antimony,  and  arsenic,  should  these  metals  be  present, 
are  volatilised,  and  the  pure  gold  remains  beneath.  A  layer  of 
melted  borax  is  placed  on  the  top  of  the  fused  mass  in  order  to 
prevent  the  silver  chloride  which  is  formed  from  being  volatilised. 
The  fineness  of  the  gold  thus  prepared  varies  from  991  to  997  in 
1,000  parts,  whilst  the  metal  obtained  by  other  refining  processes 
frequently  contains  a  larger  quantity  of  silver.  This  method  of 
treatment  may  also  be  adopted  wiA  advantage  for  refining  and 
toughening  gold  which  is  rendered  brittle  by  the  presence  of 
small  quantities  of  antimony,  bismuth,  tin,  arsenic,  &c.^ 

Electrolytic  Befining  and  Parting  of  Gold. — For  this  purpose 
>  Roberts-Austen,  First, Annml  Report  of  the  Mint,  1870,  95. 
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the  Wohlwill  process  is  used,  which  in  its  latest  form  ^  uses  a 
combination  of  a  direct  and  an  alternating  current,  as  by  this 
means  it  is  found  that  the  difficulties  presented  when  the 
amount  of  silver  in  the  bullion  exceeds  50  parts  per  1,000  are 
somewhat  overcome.  The  electrolyte  contains  from  2  to  5  per 
cent,  of  hydrochloric  acid,  and  from  2'5  to  6  per  cent,  of  gold 
chloride. 

Refining  Gold  Bullion  with,  Oxygen  Gas. — Rose  ^  has  shown 
that  impure  bullion  and  zinc  precipitates  from  the  cyanide 
process  may  be  refined  and  toughened  by  blowing  a  stream  of 
oxygen  or  air  through  the  molten  metal  contained  in  a  crucible 
and  covered  with  a  slag,  made  by  the  addition  of  borax  and 
silica  to  the  "rucible  charge.  The  metals  are  oxidised  in 
succession,  each  in  turn  partially  protecting  those  which  are  less 
easily  oxidised  than  itself 

236  Preparation  of  Pure  Gold. — In  order  to  prepare  gold  con- 
taining less  than  one  part  of  impurity  in  10,000,  gold  cornets  are 
dissolved  in  aqua  regia,  the  liquid  evaporated  down,  and  traces 
of  platinum  removed  by  the  addition  of  potassium  chloride  and 
alcohol.  The  clear  solution  of  gold  chloride  is  then  allowed  to 
stand,  decanted  from  any  precipitated  chloride  of  silver,  and 
reduced  by  warming  with  oxalic  acid.  The  precipitate  is 
repeatedly  washed  with  hydrochloric  acid,  water,  and  ammonia, 
and  is  then  fused  in  a  clay  crucible  with  potassium  bisulphate 
and  borax. 

237  Properties.— Gold  is  distinguished  from  all  the  other 
metallic  elements  by  its  bright  yellow  colour.  It  crystallises  in 
the  regular  system,  and  in  the  native  state  is  often  found  in 
distinct  though  small  crystals.  Some  Australian  gold  worth 
about  £1,100  consisted  of  grains  from  the  size  of  a  large  pea  to 
that  of  small  grains  of  sand,  all  of  which  were  more  or  less 
perfect  dodecahedra.s  Native  gold  has  also  been  found  crystallised 
in  a  very  great  variety  of  other  forms  of  the  regular  system.* 
These  small  crystals  are  frequently  connected  together,  so  as  to 
form  hair-like  filaments  termed  moss-gold.  Liversidge  ^  has  ob- 
tained this  form  of  gold  artificially.     He  noticed  the  occurrence 

'  Met.  and  Chem.  Eng.,  1910,  8,  82, 
2  Trails.  Inst.  Min.  and  Met.,  1904-1905,  377. 

''  Dana,*>«.m  of  Mineraloyy,  5  Ed.  p.  8-  see  also  Liversidge,  Journ. 
Chem.  Soc,  1897,  71,  1125.  * 

*  von  Rath,  Zeit.  Kryst.  Min.,  1877,  1,  1. 
"  Proc.  Roy.  Soc,  N.  S.  Wales,  1876, 'l25. 
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of  crystallised  gold  in  certain  specimens  of  Australian  auriferous 
pyrites,  and  he  therefore  roasted  this  mineral  in  a  muffle,  for  the 
purpose  of  removing  arsenic  and  sulphur,  but  at  a  temperature 
insufficient  to  bring  about  the  fusion  either  of  the  mineral  or  of 
the  gold.  On  removing  the  sample  from  the  muffle,  small  cauli- 
tlower-like  excrescences  of  metallic  gold  were  observed  on  the 
surface  of  the  mass,  these  excrescences  being  composed  of  fine 
filaments  of  the  metal  often  wound  round  in  spiral  coils.  This 
form  of  gold  has  also  been  obtained  by  Moissan  ^  by  distillation 
of  gold  in  the  electric  furnace. 

Gold  precipitated  from  a  concentrated  solution  by  ferrous  sul- 
phate forms  very  small  cubes,  and  that  obtained  by  reduction 
with  oxalic  acid  consists  of  minute  octahedra,  which  are  usually 
much  distorted,  whilst  both  forms  are  obtained  when  solutions 
of  auric  chloride  or  bromide  are  reduced  with  formaldehyde  in 
the  presence  of  nitric  or  hydrochloric  acid.^ 

When  an  amalgam  containing  5  per  cent,  of  gold  is  heated 
for  eight  days  to  80°,  and  then  treated  with  hot  nitric  acid,  an 
aggregate  of  crystals,  some  of  which  are  6  mm.  in  length,  may 
be  obtained.  These,  after  heating  to  get  rid  of  the  mercury, 
have  a  bright  lustrous  appearance. 

Gold  is  softer  than  silver,  and  is  the  most  ductile  of  metals. 
This  was  known  to  Pliny,  who  says :  "  Superque  omnia  netur, 
ac  texitur  lansB  modo."  ^ 

Although  the  relation  which  the  Roman  weights  and  measures 
bear  to  those  in  use  in  the  present  day  is  still  somewhat  un- 
certain, the  following  statement  may  be  of  interest  as  showing 
the  progress  of  the  art  of  gold-beating.  In  the  first  place  we 
read  in  Pliny,  "  nee  aliud  laxius  dilatatur,  aut  numerosius 
dividitur,  utpote  cujus  unciae  in  septingenas  et  quinquagenas, 
pluresque  bratteas,  quat  ernum  utroque  digitorum  spargantur."  * 
Then  in  1621  Mersenne  mentions  that  the  Paris  gold-beaters 
were  in  the  habit  of  obtaining  1,600  leaves  from  one  ounce 
of  gold,  which  would  cover  105  square  feet.  In  1680  Halley 
states  that  in  his  time  a  grain  of  gold  could  be  drawn  into 
a  wire  98  ells  in  length,  whilst  Reaumur  mentions  in  1711  that 
one  ounce  of  gold  can  be  hammered  out  so  as  to  cover  146^ 

1  Compt.  rend.y  1905,  14,  977. 

2  Awerkieff,  J.  Buss.  Phys.  Chem.  Soc,  1902,  34,  828, 
■*  N.ff.,  33,  19. 

*  N.H.,  33,  19.  An  ounoe  of  gold  can  be  hammered  into  750  leaves,  each 
of  which  is  4  digits  (about  3  inches)  square. 
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square  feet,  and  according  to  newer  statements  one  grain  may 
be  made  to  cover  56'75  square  inches,  or  one  ounce  to  cover 
189  square  feet,  whilst  280,000  leaves  have  to  be  placed  one 
upon  another  to  occupy  the  thickness  of  one  inch.  One  grain 
of  gold  also  serves  to  gild  two  miles  of  fine  silver  wire,  whilst 
the  thickness  of  such  deposits  of  gold  as,  for  example,  that 
on  gold  lace  is  about  0'000002  mm.  Gold  is  extremely  ductile, 
and  gold  wire  can  be  drawn  so  fine  that  3,240  metres  of  it  weigh 
only  one  gram.  Gold  leaf  has  usually  a  thickness  of  about 
O'OOOl  mm.,  and  allows  green  light  to  pass  through  it. 

The  relations  of  finely-divided  gold  to  light  have  been  care- 
fully examined  by  Faraday.^  By  spreading  a  leaf  of  gold  on  a 
glass  plate  and  then  pouring  on  to  it  a  solution  of  potassium 
cyanide,  Faraday  succeeded  in  obtaining  films  of  gold  of  extreme 
tenuity.  The  green  colour  which  ordinary  gold  leaf  exhibits 
by  transmitted  light  passes  into  a  ruby-red  when  the  highly 
attenuated  film  is  heated  to  316°.  At  550°,  gold  leaf  becomes 
apparently  transparent,^  due  to  the  aggregation  of  the  gold 
leaving  spaces  through  which  light  passes,  the  metal  itself 
becoming  opaque.  The  red  colour  of  ruby  glass  is  due  to  the 
presence  of  metallic  gold  in  an  extreme  state  of  division.^  This 
is  also,  the  case  with  the  above-mentioned  film,  the  original 
green  tint  of  which  can  be  brought  back  by  burnishing  its 
surface. 

The  specific  gravity  of  crystalline  gold  obtained  by  reduction 
of  auric  chloride  *  is  19-431  at  20°,  whilst  gold  distilled  in  vacuo 
was  found  to  have  the  specific  gravity  18'884  at  20°/4°,  which 
increased  to  19-2685  when  the  metal  was  submitted  to  a 
pressure  of  10,000  atmospheres.^  It  melts  at  1064°,  expanding 
considerably  in  the  act  of  fusion  and  forming  a  bluish-green 
liquid.  Gold  loses  weight  perceptibly  on  heating  even  at 
temperatures  only  100°  above  its  melting  point  ;^  it  may  be 
distilled  in  the  electric  furnace,  and  condenses  in  yellow  leaflets, 
in  moss-hke  filaments,  or  in  yellow  cubes.'' 

Gold  has  the  specific  heat  0-0324;  it  is  exceeded  in  con- 
ductivity for  heat  and  electricity  only  by  silver  and  copper,  its 

1  Phil.  Trans.,  1857,  147,  US. 

-  Turner,  Eoy.  Soc.  Proc,  1908,  A.  81,  301. 

3  Zsigmondy,  "  Zur  Erkenntnis  der  Kolloide,''  Jena,  1905. 

*  Awerkieflf,  Zeit.  anorg.  Ghem.,  1903,  35,  329. 

''  Kahlbaum,  Roth,  and  Siedler,  Zeit.  anorg.  Chem.,  1902,  29,  177. 

"  Rose,  Journ.  Chem.  Soc,  1893,  63,  714. 

'  Moiasan,  Compt.  rend.,  1905,  141,  977. 


COLLOIDAL  GOLD  507 


electrical  conductivity  being    76'7  per   cent,  and   its   thermal 
conductivity  53"2  per  cent,  of  that  of  silver. 

Gold  is  not  attacked  at  any  temperature  either  by  oxygon  or 
by  water,  and  it  also  remains  unacted  upon  when  fused  with 
potassium  chlorate.  Alkalis  and  the  nitrates,  however,  attack  it. 
Gold  does  not  dissolve  in  any  single  acid,  with  the  exception 
of  selenic  (Mitscherlich),  but  it  dissolves  readily  in  aqua  regia, 
or  in  any  acid  liquid  in  which  chlorine,  bromine,  or  iodine  ^ 
is  evolved,  and  in  solutions  of  the  easily  decomposable  per- 
halogen  compounds  of  the  metals,  such  as  FeBrg,  C0CI3,  &c. 

238  Colloidal  Gold. — Solutions  of  colloidal  gold,  which  are 
either  red,  purple,  blue,  or  green,  have  been  prepared  in  a  number 
of  ways.  Red  and  blue  solutions  of  colloidal  gold  were  prepared 
by  Faraday  by  reducing  gold  chloride  by  means  of  phosphorus. 
Bredig  ^  obtained  reddish-purple  and  blue  solutions  by  passing 
an  electric  arc  under  water  between  gold  wires  (see  p.  73) ; 
these  solutions  decomposed  hydrogen  peroxide,  whilst  freezing 
or  the  addition  of  electrolytes  caused  the  separation  of  metallic 
gold.  When  aluminium  foil  is  placed  in  an  aqueous  solution 
of  auric  chloride,  colloidal  gold  is  formed  after  some  hours.^  If 
aluminium  chloride  be  added  to  the  auric  chloride  solution, 
however,  the  gold  is  simply  replaced  by  the  aluminium,  no 
colloidal  gold  being  formed.*  Colloidal  gold  has  also  been 
prepared  by  warming  solutions  of  auric  chloride  with  sodium 
lysalbate  or  protalbate,^  formaldehyde,  hydrazine  hydrate,  sugar 
solution,  and  other  reducing  agents,^  and  also  by  the  action  of 
the  mould  aspergilhos  o-ryzm  on  very  dilute  solutions  of  this 
salt.^ 

The  different  colours  of  colloidal  gold  solutions  are  due  to 
differences  in  the  forms  of  the  particles.*     Distinct  forms  exist 

1  Nickles,  Ann.  Chim.  Phys.,  1867,  (4),  10,  318. 

2  Zeit.  angeuj.  Chem.,  1898,  951. 

»  Carnot,  Compt.  rend.,  1883,  97,  105,  169. 

■>  Dauve,  /.  Pharm.  Chim.,  1909,  [vi.],  29,  241. 

5  Paal,  Ber.,  1902,  35,  2236. 

6  Zsigmondy,  Amialen,  1898,  301,  29;  Kiispert,  Ber.,  1902,  35,  4070; 
Gnthier,  Zeit.  anorg.  Chem.,  1902,  31,  448;  1902,  32,  .347;  1904,  39,  112; 
Henrich,  Ber.,  1903,36,  609;  Garbowski,  ihid.,  1903,36,  1215 ;  Hanriot, 
Cornet,  rend.,  1904,  138,  1044  ;  Vanino  and  Hartl.,  Ber.,  1905,  38,  463  ;  1906, 
39,  1696  ;  Donau,  Monatsh.,  1905,  26,  525  ;  Vanino,  Zeit.  Chem.  Ind.  Kolloide, 
1907,  2,  51.  See  also  An  Introductim  to  the  Physics  and  Chemistry  of_  CollQids, 
Emil  Hatschek.  (J.  and  A.  Churchill). 

'  Vanino  and  Hartl,  Ber.,  1904,  37,  3620. 

8  Steubing,  Ann.  PhysiTc,  1908,  [iv.],  26,  329. 


508  GOLD 

for  the  red  and  blue  solutions,  the  violet  is  formed  by  a  mixture 
of  these,  whilst  the  green  is  due  to  the  condensation  of  the 
particles  which  give  rise  to  the  red  and  blue. 

Hatschek  and  Simon  have  studied  the  reduction  of  gold  in 
gels  with  a  view  of  explaining  the  nature  of  gold  in  various  ore 
deposits.^ 

When  alcohol  is  added  to  the  red  solution  obtained  by  the 
action  of  formaldehyde  on  auric  chloride,  the  gold  is  precipitated 
in  a  form  soluble  in  water  (Zsigmondy). 

239  Purple  of  Gassius. — This  body,  which  is  used  in  the  pre- 
paration of  ruby  glass,  was  discovered  by  Andreas  Cassius, 
who,  however,  did  not  publish  anything  on  the  subject, 
though  his  son  of  the  same  name  published  a  pamphlet 
in  1685  entitled  De  extremo  illo  et  perfectissimo  naturm 
opificio  ac  principe  terrenorum  sidere,  Auro,  et  admiranda  ejus 
natura — cogitata,  experinientis  illmtrata.  In  the  previous  year, 
however,  a  Hessian  mining  official,  Orschal,  published  a  paper, 
Sol  Sine  Vesta :  or.  Thirty  Experiments  to  Draw  out  its  Purple 
from  Gold.  He  declared  that  he  had  learned  the  process  from 
Cassius,  and  that  it  consisted  in  precipitating  gold  with  tin. 
After  that  time  many  investigations  were  made  on  this  pigment 
without  any  satisfactory  explanation  of  its  chemical  nature 
being  arrived  at.  A  variety  of  receipts  was  given  for  its  pre- 
paration, in  all  of  which  gold  chloride  was  precipitated  by  a 
mixture  of  stannous  and  stannic  chlorides.  This  precipitate  is, 
according  to  the  mode  of  preparation,  either  of  a  dark  purple-red 
or  of  a  reddish-brown  colour,  but  yields  a  brown  powder  on 
drying.  The  process  by  which  the  finest  purple  is  obtained  is, 
according  to  Fuchs,  to  add  stannous  chloride  to  a  solution  of 
ferric  chloride  until  the  yellow  colour  is  changed  to  a  pale  green, 
and  then  to  precipitate  the  gold  solution  with  this  mixture.  The 
precipitate  contains  tin  oxide  in  varying  quantities,  and  some 
chemists  have  supposed  that  the  compound  is  a  gold  stannate, 
but  this  view  is  contradicted  by  the  fact  that  when  purple  of 
Cassius  is  dried  and  then  triturated,  the  powder  assumes  a 
metallic  lustre,  and  on  heating  does  not  evolve  oxygen.  On  the 
other  hand,  it  is  found  that  the  freshly  precipitated  and  moist 
pigment  is  soluble  in  ammonia  forming  a  purple-coloured  liquid 
which  deposits  gold  when  it  is  exposed  to  light  or  is  heated ;  ^ 
the  excess  of  ammonia  can  also  be  removed  by  dialysis  leaving 

1  Trans.  Innt.  Min.  and  Met,  1912,  21,  451. 

2  See  also  Miiller,  /.  ^jr.  Chem.,  1884,  [2],  30,  252. 
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a  colloidal  solution  of  gold  and  stannic  oxide.^  Mercury  does 
not  extract  gold  from  purple  of  Cassius.  A  similar  purple 
colour  is  obtained  by  adding  excess  of  mercurous  chloride  or  a 
mixture  of  mercurous  chloride  with  barium  sulphate  in  sus- 
pension to  a  solution  of  auric  chloride,^  whilst  Moissan^  has 
obtained  it  by  the  distillation  in  air  of  an  alloy  of  gold  and  tin, 
when  the  tin  burns  to  tin  oxide  and  purple  of  Cassius  is 
deposited  in  the  cool  parts  of  the  tube.  This  chemist  has  also 
obtained  similar  purple  substances  by  distilling  gold  with 
alumina,  magnesia,  zirconia,  silica,  lime,  or  other  oxides,  and 
concludes  that  purple  of  Cassius  is  a  lake  of  tin  oxide  coloured 
by  very  finely  divided  gold.  The  literature  respecting  the  purple 
of  Cassius  up  to  1866  has  been  collected  by  J.  C.  Fischer.* 

240  Gilding. — The  art  of  gilding  is  mentioned  by  Moses,  and 
Pliny  states  that  objects  of  wood  and  marble  are  gilt  by  means 
of  gold  leaf,  whilst  metallic  surfaces  are  gilt  by  help  of  quick- 
silver. Gold  leaf  is  obtained  from  gold  foil  by  hammering 
pieces,  each  having  an  area  of  a  square  inch  and  weighing 
six  grains,  first  between  sheets  of  vellum  or  tough  paper,  and 
afterwards  between  leaves  of  gold-beater's  skin — a  material 
prepared  from  the  caecum  of  the  ox.  The  small  cuttings  and 
waste  leaf  are  employed  for  the  preparation  of  the  shell  gold 
used  by  painters. 

A  variety  of  methods  is  employed  for  gilding  metals.  In 
gilding  by  immersion  the  well-cleaned  objects  are  dipped  into 
a  boiling  solution  of  gold  chloride  and  potassium  bicarbonate  ; 
whilst  in  wash-gilding  a  gold  amalgam  is  rubbed  on  the  surface, 
the  mercury  afterwards  driven  off  by  heating  and  the  surface 
either  burnished,  or  deadened  by  being  heated  with  a  fused  mix- 
ture of  common  salt,  saltpetre,  and  lime,  when  a  small  quantity 
of  chlorine  is  liberated  which  etches  the  gold.  These  older 
methods  have  now,  however,  been  almost  completely  supplanted 
by  the  electro-deposition  of  gold.  For  this  purpose  a  solution  of 
gold  cyanide  in  potassium  cyanide  is  employed,  a  gold  plate 
being  used  as  the  positive  electrode.  The  colour  of  the  deposited 
gold  can  be  modified  by  adding  to  the  gold  solution  salts  of 
silver  or  copper,  as  well  as  both  of  these,  when  alloys  are  deposited. 

241  Alloijs  of  Gold.—Vme  gold  is  very  soft,  and  is  soon  worn 

1  Schneider,  Zeit.  anorg.  Chem.,  1893,  5,80. 

2  Antony  and  Lucohesi,  Oazz.,  1896,  26,  ii-,  195. 

■•>  Compt.  mid.,  1905,  141,  977  ;  see  also  Debray,  iUd.,  1872,  75,  1025,  and 
Zsigmondy,  Annalen,  1898,  301,  361. 
*  Dingl.  Polyt.  Journ.,  1866,  182,  39. 
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away  by  use.  Hence,  for  the  purpose  of  coinage,  and  for  the  use 
of  the  goldsmith,  it  is  alloyed  with  copper  or  silver,  or  with  both 
together,  the  resulting  alloys  being  much  harder  than  pure  gold. 
Copper  imparts  to  the  gold  a  red  colour,  and  lowers  its  fusing- 
point.  This  alloy  was  formerly  called  red-carat  gold,  because 
the  fineness  of  a  gold  alloy  used  to  be  universally  expressed  in 
carats,  24-carat  gold  being  pure  gold.  In  England  at  the 
present  time  five  legal  standards  exist  for  gold  ware ;  22-carat 
or  standard  gold,  18,  15,  12,  and  9-carat  gold,  the  meaning  of 
this  being  that  24  parts  by  weight  of  the  alloy  contain  22,  18, 
15,  12,  and  9  parts  of  gold  respectively. 

In  the  case  of  the  coinage,  however,  the  fineness  of  gold  is 
generally  expressed  in  parts  per  1,000.  Thus,  for  instance, 
English  standard  gold,  being  22-carat  gold,  has  a  fineness 
of  91667.  In  the  German,  American,  and  Italian  coinage 
standard  gold  is  of  21'6  carats,  or  has  a  fineness  of  900.  Red- 
carat  ornaments  are  frequently  covered  with  a  thin  coating  of 
pure  gold  by  heating  them  and  then  dipping  them  for  a  short 
time  in  dilute  nitric  acid. 

The  alloys  of  gold  and  silver  are  called  white  alloys,  and 
have  a  greenish-yellow  colour  if  they  do  not  contain  too  small 
a  quantity  of  silver,  whilst  when  the  latter  metal  is  present  in 
larger  amount  the  alloy  assumes  a  yellowish-white  shade.  A 
gold-silver  alloy  of  varying  composition  occurs  naturally  as 
electrum,  often  found  in  crystals  belonging  to  the  regular 
system  and  containing  from  15  to  35  per  cent,  of  silver. 

Trinket  gold  contains  both  copper  and  silver.  It  is  hard, 
and,  according  to  the  proportion  of  its  materials,  possesses 
either  a  yellowish-red  or  a  whitish  colour. 

Various  other  alloys  have  been  examined  and  described.  Of 
these  the  aluminium -gold  alloys  are  distinguished  by  the  rich- 
ness and  variety  of  their  colours.^ 

Gold  also  combines  with  arsenic,  antimony,  and  bismuth,  when 
heated  with  these  elements.  The  addition  of  one  part  of  the 
last  named  metal  to  1,920  parts  of  gold  is  sufficient  to  render 
the  gold  brittle. 

Gold-amalgam. — Gold  readily  combines  with  mercury,  the 
mixture  becoming  solid  when  15  per  cent,  of  gold  is  present. 
Crystalline  amalgams  of  varying  composition  can  be  obtained 
artificially,  whilst  others  occur  naturally  in  California,  Columbia, 
and  Victoria.     The  mercury  may  be  almost  entirely  removed 

^  Roberts- Austen,  Proc.  Roy.  Soc,  1892,  50,  367. 
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from  these  amalgams  by  distillation  at  a  red-heat,  but  the  gold 
retains  0"1  per  cent,  practically  up  to  its  melting  point. 

COMPOUNDS  OF  GOLD. 

242  Gold  forms  two  chiefseries  of  compounds,  the  auric  com- 
pounds in  which  it  is  trivalent,  and  the  aurous  compounds  in 
which  it  is  monovalent.  The  best  known  salts  are  those  of  the 
halogen  acids,  and  hydrocyanic  acid.  These  readily  form  double 
salts,  as  do  aurous  sulphite  and  thiosulphate.  Auric  oxide  has 
well-marked  acidic  properties,  as  have  also  the  various  sulphides 
of  the  metal.  The  compounds  with  the  halogens,  oxygen  and 
sulphur  are  all  decomposed  into  their  elements  by  heat,  whilst 
reducing  agents  very  readily  precipitate  the  metal  from  the 
solutions  of  its  salts. 

Gold  and  Oxygen. 

243  Gold  does  not  combine  directly  with  oxygen,  and  the  two 
compounds,  aurous  oxide,  AujO,  and  auric  oxide,  AujOg,  are 
obtained  from  the  corresponding  halogen  compounds.  A  third 
compound,  auro-auric  oxide,  (AuO)„,  is  formed  by  the  partial  de- 
composition of  auric  hydroxide  at  160°.  The  substance  formerly 
known  as  purple  oxide  of  gold  appears  to  be  nothing  but  finely- 
divided  gold,  and  the  oxides  AujO^^  and  AuaOg  appear  not  to 
exist.  All  the  oxides  decompose  into  gold  and  oxygen  when 
they  are  heated.  Auric  oxide  acts  towards  strong  bases  as  an 
acid-forming  oxide,  whilst  it  also  forms  salts  with  acids. 

Oold  Monoxide,  Aurous  Oxide,  Km^O. — The  hydroxide,  AuOH, 
is  formed  when  the  corresponding  chloride  is  treated  with  cold 
dilute  caustic  potash  (Berzelius),  and  when  a  solution  of  the 
trichloride  is  boiled  with  the  potassium  salt  of  acetic  or 
another  organic  acid.  It  may  be  prepared  pure  by  reducing 
potassium  auribromide,  KAuBr^,  with  sulphurous  acid,  and 
then  warming  with  dilute  potash.  It  is  a  powder  which 
when  moist  has  a  dark-violet  colour,  and  becomes  greyish- 
violet  when  dry.  When  freshly  prepared  it  forms  with  cold 
water  an  indigo  blue  liquid  ^  from  which  the  oxide  is  removed 
when  barium  sulphate  is  precipitated  in  it.^  It  loses  water  at 
200°,  and  is  decomposed  at  250°  into  gold  and  oxygen.     When 

1  Prat,  Compt.  rend.,  1870,  70,  842. 

2  Kriiss,  Ber.,  1886,  19,  2541. 
^  Vanino,  Ber.,  1905,  38,  4U2. 
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treated  with  hydrochloric  acid,  it  yields  gold  and  the  trichlor- 
ide, slowly  in  the  cold,  more  rapidly  on  boiling.  Sulphuric 
acid  and  nitric  acid  do  not  act  on  it,  but  it  is  easily  dissolved 
by  aqua  regia. 

Gold  Trioxide,  Auric  Oxide,  AugOg. — The  substance  termed 
calx  of  gold  by  the  early  chemists  was  nothing  more  than  the 
finely  divided  metal.  Bergman  was  the  first  to  state  that  the 
precipitate  produced  by  alkalis  in  the  gold  solution  was  dephlo- 
gisticated  gold  ;  but  the  oxide  was  examined  more  carefully  in 
1806  by  Proust,  and  in  1811  by  Oberkampf.  Gold  trioxide  is  a 
brownish  powder,  obtained  by  carefully  heating  the  hydroxide. 
If  this  be  more  strongly  heated,  it  gives  off  oxygen,  and  is 
converted  into  a  brown  powder  of  metallic  gold. 

Gold  Trihydroxide,  Auric  Hydroxide,  Au(0H)3,  is  best  obtained 
by  heating  a  solution  of  gold  trichloride  with  an  excess  of  mag- 
nesia, and  well  washing  the  precipitate  with  dilute  nitric  acid 
(Pelletier).  The  gold  solution  may  also  be  treated  with  caustic 
potash  until  the  precipitate  which  is  formed  is  redissolved,  and 
then  the  dark-brown  solution  boiled  until  its  colour  becomes 
light  yellow,  a  slight  excess  of  sulphuric  acid  added,  and  the 
precipitate  washed.  The  hydroxide  thus  prepared  always  con- 
tains a  little  potash,  and  for  this  reason  it  is  dissolved  in  con- 
centrated nitric  acid,  again  precipitated  by  water,  and  dried  in  a 
vacuum.  According  to  Thomsen  a  better  method  is  to  precipit- 
ate the  brown  solution  by  Glauber's  salt,  when  it  is  obtained  in 
a  form  resembling  precipitated  ferric  hydroxide.  Gold  trihy- 
droxide when  kept  over  phosphorus  pentoxide  is  converted  into  a 
chestnut-brown  powder  of  auryl  hydroxide,  AuO(OH),  which  at 
140—150°  yields  auric  oxide  (Kriiss). 

When  the  hydroxide  is  warmed  with  alcoholic  potash  reduc- 
tion occurs,  and  the  metal  is  produced  in  the  form  of  fine 
glistening  scales,  which  are  employed  in  miniature  painting. 
It  is  a  weak  base,  which  dissolves  slightly  in  concentrated 
sulphuric  acid,  and  more  readily  in  nitric  acid,  from  Avhich 
solutions  it  is  again  precipitated  by  the  addition  of  water.  It 
forms  the  corresponding  halogen  salts  with  hydrochloric  and 
hydrobromic  acids.  Gold  trioxide  is  also  an  acid  forming  oxide, 
and  its  salts  are  termed  aurates. 

Potassium  Aurate,  KAuOj.SH^O,  is  obtained  in  the  form  of 
small  yellow  needles  by  evaporating  a  solution  of  auric  hydroxide 
in  caustic  potash  in  a  vacuum ;  i  these  are  easily  soluble  in  water 
1  See  also  Meyer,  Compl.  rend.,  1907,  145,  805. 
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and  have  a  strong  alkaline  reaction.  It  is  very  unstable,  and  its 
solution  is  used  for  gilding  copper  and  other  metals. 

The  other  aurates  are  less  completely  investigated.  The  solu- 
tion of  the  potassium  salt  yields  precipitates  with  many  metallic 
salts.^ 

Auroauric  Oxide,  (AuO),„  is  formed  when  auric  hydroxide  is 
heated  at  160°.  It  is  a  dark  yellowish-brown  hygroscopic 
powder  which  loses  oxygen  at  173°.^ 


Gold  and  the  Halogens. 

244  Gold  unites  with  chlorine  and  bromine  directly  to  form 
the  auric  compounds,  AuClg,  AuBrg,  which  are  easily  soluble  in 
water.  These  readily  combine  with  the  halogen  acids  and  their 
salts  with  monovalent  metals  or  radicals  to  form  complex  sub- 
stances such  as  aurichloric  acid,  HAuCl^,  and  the  aurichlorides. 
The  salts  of  this  acid  with  the  organic  bases,  such  as  methyl- 
amine  aurichloride,  NH3(CH3)AuCl4,  are  often  used  for  the 
characterisation  of  the  latter.  Both  the  halogen  compounds 
themselves  and  their  compounds  with  the  corresponding 
acids  decompose  when  heated,  metallic  gold  being  finally  left. 

The  aureus  compounds  are  unstable  and  readily  decompose 
when  heated.  They  are  insoluble  in  water,  like  the  correspond- 
ing silver  and  cuprous  compounds. 

The  substances  described  as  auroauric  chloride  and  bromide,^ 
AujCl^  and  AugBr^,  have  been  proved  to  be  nothing  but  mix- 
tures of  metallic  gold  with  the  corresponding  auric  salt. 

Aurous  Chloride,  AuCl,  is  best  obtained  by  carefully  heating 
the  trichloride  to  about  175°.  It  is  a  yellowish  powder  of 
specific  gravity  7-4,*  which  decomposes  gradually  into  gold  and 
chlorine  at  185°,  more  rapidly  at  a  higher  temperature. 

It  is  insoluble  in  water  but  is  decomposed  by  it  slowly  in  the 
cold,  and  more  rapidly  on  heating,  with  formation  of  metallic 
gold  and  auric  chloride.  It  dissolves  in  a  solution  of  potassium 
bromide  with  formation  of  metallic  gold  and  potassium  auri- 
chloride and  auribromide.^ 

1  Fremy,  Ann.  Chim.  Plnjs.,  1851,  (3),  31,  480. 

2  Kriiss,  Be,:,  1886,  19,  2511. 

■'  Kriiss  and  Schmidt,  Ber.,  1887,  20,  2634  ;  /.  irr.  Chem.,  1888,  (2),  38,  77. 
•*  Rose,  Journ.   Chem.  Soc,  1895,  67,  881,  905;  see  also  Campbell,  Trau^. 
Far.  Soc,  1907,  3,  103. 
■'  Leagfeld,  Amer.  Chem.  J.,  1901,  26,  324. 
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Liquid  ammonia  acts  on  aureus  chloride  at  -28°  to  form  the 
compound  AuCl,12NH3,  which  loses  ammonia  on  warming, 
yielding  AuCl.SNHj,  and  this  above  180°  is  decomposed  with 
formation  of  ammonium  chloride  and  gold.^ 

Potassium  Aurochloride,  KAuClg,  is  formed  when  potassium 
aurichloride,  KAuCi^,  is  heated.  It  forms  a  yellow  mass,  which 
is  decomposed  by  water  into  gold,  potassium  chloride,  and  auric 
chloride. 

Auric  G/tloride,  or  Gold  Trichloride,  AuClg. — The  Latin  Geber 
and  all  the  later  chemists  were  acquainted  with  the  fact  that 
gold  dissolves  in  aqua  regia.  When  this  solution  is  evaporated 
to  dryness  a  portion  of  the  chloride  is  decomposed  with  forma- 
tion of  aureus  chloride  (Berzelius).  In  order  to  prepare  the 
pure  anhydrous  chloride  the  best  process  is  that  proposed  by 
Thomsen.  It  consists  in  acting  upon  gold  powder  with  chlorine 
and  treating  the  mass  with  a  small  quantity  of  water.  When 
gently  heated,  any  aureus  chloride  decomposes  as  before  de- 
scribed, the  metallic  geld  is  filtered  off,  the  solution  evaporated 
gently,  and  then  heated  to  150°,  when  anhydrous  auric  chloride 
remains  as  a  brown  crystalline  mass  which  is  soluble  in  ether. 
The  anhydrous  chloride  is  also  formed  by  heating  gold  leaf  in 
chlorine  to  300°,  or  by  heating  gold  with  liquid  chlorine  in  a 
sealed  tube  at  100°.^  Gold  chloride  is  also  formed  when  gold  is 
treated  with  fuming  hydrochloric  acid  in  the  presence  of  a  trace 
of  manganese  chloride  and  the  mixture  is  exposed  to  light.^  It 
melts  at  288°  when  heated  in  a  sealed  tube,  and  has  the  sp.  gr. 
4-3.  When  the  brownish-red  aqueous  solution  is  evaporated 
until  a  crystalline  film  is  formed  on  the  surface,  large  dark 
orange-red  crystals  of  AuCl3,2H20  are  deposited.  These 
deliquesce  in  moist  air,  whilst  they  effloresce  in  dry  air. 

The  chloride  dissociates  very  slowly  below  100°,  more  rapidly 
at  higher  temperatures,  with  formation  of  aureus  chloride, 
chlorine,  and  geld.  The  dissociation  pressure  of  the  chlorine  is 
about  1  atmosphere  at  251°,  and  4  atmospheres  at  330°.  In 
spite  of  this  dissociation  the  chloride  can  be  sublimed  in  a  stream 
of  chlorine  at  all  temperatures  up  to  1,100°,  the  most  rapid  volati- 
lisation taking  place  at  the  melting  point.* 

'  Meyer,  Oompt.  rend.,  1906,  143,  280. 

2  Lengfeld,  Amer.  Chem.  J.,  1901,  26,  324. 

■>  Berthelot,  Gompl.  rend.,  1904,  138,  1297. 

''  Debray,  Oompt.  rend.,  1869,  69,  985  ;  Kriiss,  Annalai,  1887,  238,  249; 
Her.,  1887,  20,  2634  ;  Rose,  Joum.  Chem.  Soc,  1895,  67,  881  ;  Meyer,  Compt. 
read.,  1901,  133,  815. 
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Very  dilute  aqueous  solutions  of  auric  chloride  are  decom- 
posed on  heating  for  some  time,  or  on  continued  exposure  to 
direct  sunlight,  metallic  gold  being  precipitated  and  hydrogen 
peroxide  formed  in  the  solution.^ 

Gold  chloride  in  solution  is  decomposed  by  charcoal,  and 
Avery  ^  has  quantitatively  determined  the  hydrogen  chloride 
and  carbon  dioxide  produced  by  the  reaction,  and  considers 
that  the  equation  proposed  by  Konig*  is  substantiated, 
thus: 

4AuCl3+6H20  +  3C  =  4Au  +  12HCl  +  3C02. 

Gases   occluded   by   charcoal,   such   as   hydrogen   and   carbon 
monoxide,  will,  however,  also  reduce  gold  chloride. 

According  to  Brusson,*  charcoal  adsorbs  gold  either  when 
shaken  with  a  solution  of  gold  chloride,  or  when  a  solution  is 
filtered  through  charcoal.  In  all  cases,  the  gold  was  completely 
withdrawn  from  solution,  chlorine  being  left  behind. 

Gold  chloride  is  largely  used  in  photography  for  toning  silver 
prints,  a  process  which  consists  in  the  replacement  of  the  silver 
by  metallic  gold. 

Aurichloric  Acid  or  Chloro-auric  Acid,  HAuCl^. — When 
hydrochloric  acid  is  added  to  a  neutral  solution  of  auric  chloride 
it  becomes  yellow,  and  the  liquid  then  contains  the  above 
compound  in  solution.  The  same  substance  is  obtained  when 
gold  is  dissolved  in  aqua  regia  containing  an  excess  of  hydro- 
chloric acid.  When  either  of  the  above  solutions  is  evapor- 
ated and  allowed  to  stand  over  quick  lime,  long  yellow  needles 
of  HAuCl^,3H20  are  deposited,^  which  deliquesce  on  exposure. 
The  solution  has  a  bitter  taste,  is  poisonous,  and  colours  the 
skin,  nails,  ivory,  &c.,  a  purple-red  tint  when  exposed  to  light. 
This  fact  was  mentioned  in  1663  by  Boyle  as  being  one  then 
not  generally  known. 

Gold  is  precipitated  quantitatively  in  solutions  containing 
aurichloric  acid  by  formaldehyde  after  neutralising  with  sodium 
hydrate." 

1  Soustadt,  Chem.  New.-<,  1898,  77,  74 ;  Proc.  Chem.  Soc,  1898,  179. 
■  /.  Soc.  Chem.  Ind.,  1908,  27,  255. 
3  Chem.  News,  1882,  45,  215. 
^  Zeit.  Chem.  Ind.  Kolloide,  1909,  5,  137. 

"  Weber,  Jahresber.,  1867,  314 ;  Schottlauder,  Annalen,   1883,  217,  312 ; 
Schmidt,  Chem.  Cenir.,  1906,  ii.,  855. 
"  Vanino  and  Hartl.,  Zeit.  Chem.  Ind.  Kolloide,  1907,  1,  272. 
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On  adding  silver  nitrate  to  a  solution  of  aurichloric  acid,  a 
brown  precipitate  is  obtained  thus  :  ^ 

HAuClj  +  4AgN03  +  SH^O  =  Au(0H)3,AgCl  +  4HNO3. 

By  the  action  of  ammonia,  this  is  convei-ted  into  fulminating 
gold,  Au(OH)2.NH2. 

Potassium  AuricMoride,  KAuCl^. — When  a  strongly  acid  solu- 
tion of  auric  chloride,  to  which  the  calculated  quantity  of  potass- 
ium chloride  has  been  added,  is  allowed  to  evaporate  at  a 
gentle  heat,  light-yellow  monoclinic  needles  having  the  com- 
position 2KAuCl4,H20  are  deposited.  On  the  other  hand, 
when  the  neutral  or  slightly  acid  solution  is  employed,  large 
transparent  rhombic  tablets  of  KAuCl^,2H20  are  formed,  which 
easily  effloresce  on  exposure.  When  heated  these  melt  with 
evolution  of  chlorine,  forming  potassium  aurochloride,  KAuCL. 

Sodmm  AuricMoride,  NaAuCl4,2H20,  is  obtained  by  dis- 
solving common  salt  in  a  solution  of  auric  chloride  and  con- 
centrating the  solution,  when  it  is  deposited  in  yellowish-red 
rhombic  tablets  or  prisms,  which  do  not  alter  on  exposure. 

Ammonium  AuricJiloride,  NH^AuCl^,  appears  to  have  been 
prepared  by  the  alchemists,  who  employed  aqua  regia  contain- 
ing sal-ammoniac  for  dissolving  gold,  and  on  cooling  the  solu- 
tion obtained  crystals  which  they  considered  to  be  a  true  gold 
vitriol.  From  the  neutral  solution  large  light-yellow  rhombic 
tablets  of  the  composition  2NH4AuCl4,5H20  separate.  These 
are  tolerably  permanent.  From  an  acid  solution,  on  the  other 
hand,  the  salt  ^NH^AuCl^.SH^O,  crystallises  in  monoclinic 
plates.     Both  salts  become  anhydrous  at  100°. 

The  chlorides  of  the  calcium  and  magnesium  groups,  as  well 
as  those  of  manganese,  nickel,  cobalt,  and  thallium,  also  form 
crystalline  aurichlorides. 

Aureus  Bromide,  AuBr,  is  formed  as  a  greenish-yellow 
micaceous  powder  when  auribromic  acid,  HAuBr^,  is  heated  at 
115°,  but  is  decomposed  at  a  higher  temperature.  It  is  insoluble 
in  water,  and  hydrobromic  acid  decomposes  it  into  gold  and  the 
compound  from  which  it  has  been  obtained.  It  dissolves  in 
potassium  cyanide  solution  without  decomposition,  and  in 
ammonia  with  partial  decomposition.^ 

Aureus  bromide  when  acted  on  by  dry  ammonia  gas  at  18° 
yields  the  white  compound  AuBr,2NH3,  which  is  decomposed 

'  .Jacobsen,  Compt.  rend.,  1908,  146,  1213. 
■'  Lengfeld,  Amv.  Chem.  J.,  1901,  26,  324 
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by  heat  into  its  elements,  and  by  water  with    formation   of 
ammonium  bromide  and  gold.^ 

Auric  Bromide,  or  Gold  Tribromide,  AuBr... — Finely-divided 
gold  dissolves  slowly  in  an  aqueous  solution  of  bromine  (Balard). 
In  order  to  obtain  the  anhydrous  compound,  bromine  is  allowed 
to  act  upon  gold  powder,  and  the  tribromide  is  extracted  from 
the  product  by  ether.  When  the  solution  is  evaporated  at  a  low 
temperature,  the  tribromide  remains  behind  as  a  black  crystal- 
line crust,  which  dissolves  slowly  in  water.  The  concentrated 
solution  is  viscid  and  almost  black  (Thomson). 

When  heated,  auric  bromide  dissociates,  forming  a  green 
mass  of  aureus  bromide,  and  at  higher  temperatures  this  latter 
dissociates  into  its  elements.^ 

Aurihromic  Acid,  HAuBr^,5H20,  is  formed  when  bromine  is 
allowed  to  act  upon  gold  powder,  and  as  soon  as  the  reaction 
is  over,  a  quantity  of  hydrobromic  acid,  having  a  specific  gravity 
of  1'38,  equivalent  to  the  quantity  of  gold  present,  is  added,  and 
then  more  bromine  until  the  gold  is  completely  dissolved.  It 
crystallises  in  dark  cinnabar-red  flat  needles,  and  melts  at  77°. 

Potassium  Auribromide,  KAuBr^,2H20,  is  prepared  by 
adding  bromine  to  powdered  gold  in  presence  of  the  requisite 
amount  of  potassium  bromide.  It  is  also  formed  together  with 
metallic  gold  when  aureus  bromide  is  dissolved  in  potassium 
bromide  (Lengfeld).  It  forms  reddish-purple  monoclinic  crys- 
tals. Similar  compounds  of  the  other  soluble  bromides  are  also 
known.^ 

Aurous  Iodide,  Aul,  is  formed  when  hydriodic  acid  acts  upon 
gold  oxide : 

AU.2O3  +  6HI  =  2AuI  -I-  3H2O  -H  2I2. 

It  is  also  formed  when  dry  iodine  is  heated  with  metallic  gold  * 
between  50'  and  114°,  and  also  when  the  neutral  trichloride  is 
■precipitated  by  a  solution  of  three  molecular  proportions  of 
potassium  iodide,  iodine  being  liberated.  When  finely-divided 
gold  is  boiled  with  hydriodic  acid  and  a  small  quantity  of 
nitric  acid,  and  the  filtrate  allowed  to  run  into  hydriodic  acid,  a 
lemon-yellow  coloured  crystalline  powder  of  aurous  iodide  is 
formed.     It  is  when  pure  a  very  unstable  white  powder,  which 

1  Meyer,  Gompt.  rend.,  1906,  143,  280. 

2  Ibid.,  1909,  148, 346. 

"  Thorpe  and  Laurie,  Joiirn.  Chem.  Soc,  1887,- 51,  576. 
'  Meyer,  Oompt.  rend.,  1904,  139,73.3. 
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assumes  a  green  colour  when  exposed  to  the  air  and  deposits 
a  bright  surface  of  metallic  gold  on  the  inside  of  the  vessel  in 
which  it  stands.  The  decomposition  takes  place  more  quickly 
on  warming,  and  is  complete  at  190°.  Aqueous  acids  decompose 
it  only  when  heated. 

Aureus  iodide  forms  with  either  liquid  or  gaseous  ammonia 
the  compounds  AuI.GNHg  and  AuI.NHg,  which  are  decomposed 
by  heating  or  by  addition  of  water.^ 

Aioric  Iodide,  Aul,. — When  a  neutral  solution  of  auric  chloride 
is  added  to  one  of  excess  of  potassium  iodide,  the  liquid 
becomes  of  a  dark-green  colour,  and  yields  a  green  precipitate, 
which  on  agitation  dissolves  again,  inasmuch  as  potassium 
auri-iodide  is  formed.  If,  however,  more  gold  solution  be  added, 
a  permanent  precipitate  is  formed,  and  this,  after  washing,  may 
be  dried,  but  it  evolves  iodine,  and  is  converted  on  standing 
into  aureus  iodide.  It  forms  dark-coloured  crystalline  auri- 
iodides  with  the  soluble  iodides,  but  it  is  doubtful  whether  the 
free  acid  exists.^ 

Gold  and  Sulphur. 

245  Gold  does  not  combine  directly  with  sulphur,  but  three 
sulphides  corresponding  in  composition  with  the  three  oxides  can 
be  prepared  indirectly.  They  are  all  dark-coloured  powders 
which  decompose  into  their  elements  when  they  are  heated,  and 
are  soluble  in  the  alkali  sulphides. 

Aurotcs  Sulphide,  Au^S,  is  prepared  by  passing  sulphuretted 
hydrogen  into  a  solution  of  aureus  cyanide  in  potassium  cyanide 
and  then  acidifying.  It  forms  a  brownish-black  powder  which 
is  soluble  in  water  when  it  is  freshly  precipitated,  but  loses  this 
property  when  it  is  dried.  It  is  not  attacked  by  hydrochloric 
or  sulphuric  acids,  but  dissolves  readily  in  potassium  cyanide. 
This  sulphide  is  also  formed,  mixed  with  gold  and  sulphur,  when 
sulphuretted  hydrogen  is  passed  into  a  hot  solution  of  auric 
chloride.^ 

Sodium  AiirosidpMde,  NaAuS,4H20,  is  obtained  by  heating 
metallic  gold  with  sodium  sulphide  and  sulphur,  and  treating 
the  fused  mass  with  water.     The  solution  is  filtered  in  an  atmo-  ■ 
sphere  of  nitrogen  and  evaporated  in  a  vacuum  over  sulphuric 

'  Meyer,  Compt.  rend.,  1906,  143,  280. 
'^  Johnston,  Phil.  Mag.,  1836,  (3),  9,  266. 
^  Hoffmann  and  Kriiss,  Ber.,  1887,  20,  2369, 
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acid.  Colourless,  monoclinic  prisms  are  then  deposited  which 
soon  become  brown  on  exposure  to  air.  The  same  salt  is 
formed  when  aurous  or  auro-auric  sulphide  is  dissolved  in  sodium 
sulphide  solution.^ 

That  gold  can  be  brought  into  solution  by  fusing  it  with 
liver  of  sulphur  seems  to  have  been  known  to  Glauber,  but 
Stahl,  in  his  Oiservationes  Chymico-Physico-Medicai,  is  the  first 
distinctly  to  mention  this  fact ;  and  it  may  be  added  that  he 
there  explains  that  Moses  burnt  up  the  golden  calf  with  alkali 
and  sulphur,  and  gave  the  solution  of  liver  of  sulphur  containing 
gold  to  the  Israelites  to  drink. 

Auro-auric  Sulphide,  AuS,  is  precipitated  when  sulphuretted 
hydrogen  is  passed  into  a  cold  neutral  solution  of  auric  chloride, 
the  sulphuretted  hydrogen  being  partially  oxidised  to  sulphuric 
acid :  ^ 

8  AuClg + 9H2S  +  4H2O  =  8AuS  +  24HC1  +  H.SO^. 

It  is  a  black  powder  which  dissolves  in  sodium  sulphide  solution 
and  is  thereby  reduced  to  aurous  sulphide,  the  liquid  being  found 
to  contain  sodium  aurosulphide  and  sodium  disulphide.*  It 
readily  forms  colloidal  solutions  in  water  and  alcohol*  and  is 
dissolved  by  potassium  cyanide.  When  left  in  contact  with 
auric  chloride  it  is  reduced  to  metallic  gold.^ 

Auric  Sulphide,  AujSg,  is  a  very  unstable  substance  and  cannot 
be  prepared  by  passing  sulphuretted  hydrogen  into  a  solution 
of  auric  chloride,  nor  by  heating  gold  with  sodium  pentasulphide, 
as  stated  by  Berzelius.  It  is  formed  when  anhydrous  lithium 
aurichloride  is  treated  with  dry  sulphuretted  hj'drogen  at  -10°." 
It  is  an  amorphous,  graphitic  powder,  has  the  specific  gravity 
8754,  and  decomposes  into  gold  and  sulphur  at  200°.  It  is  de- 
composed by  the  sulphides  of  ammonium  but  dissolves  in  sodium 
sulphide  forming  sodium  aurisulphide.  Like  the  other  sulphides 
it  is  soluble  in  potassium  cyanide.  Yellow  crystals  of  the 
composition  AuSg.NH^  have  been  prepared  by  allowing  a 
mixture  of  aqueous  auric  chloride  and  ammonium  polysulphide 
to  stand  for  several  days  at  18°.'' 

1  Ditte,  Compt.  rend.,  1895,  120,  320. 

2  Levol,  Ann.  Ghim.  Phys.,  1850,  (3),  30,  355  ;  HoEfraann  and  Kriiss,  Ber., 
1887,  20,  2074. 

^  Ditte,  Compt.  rend.,  1895,  120,  320. 

■•  Schneider,  Ber.,  1891,  24,  2241  ;  1892,  25,  1164. 

6  Antony  and  Lucoheai,  Gazz.,  1889,  19,  545. 

«  Antony  and  Luoehesi,  Oazz.,  1890,  20,  601  ;  1891,  21,  ii-,  209. 

!■  Hofmann  and  Hochtlen,  Ber.,  1904,  37,  245. 
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Sodmm  Aurous  S%dphite,  SNa^SOg.AugSOg.SHjO,  is  formed 
when  sodium  hydrogen  sulphite  is  added  to  a  boiling  alkaline 
solution  of  sodium  aurate,  or  when  this  solution  is  saturated 
with  sulphur  dioxide  at  50°.  It  is  very  easily  oxidisable,  but  in 
presence  of  free  sulphur  dioxide  the  solution  may  be  heated 
to  boiling  without  decomposition  occm-ring.  When  this  solution 
is  precipitated  by  alcohol  the  salt  is  obtained  as  a  purple  powder 
which  appears  yellow  or  green  by  reflected  light.  The  corre- 
sponding ammonium  salt,  together  with  a  compound  of  the 
formula  (NHj2S03,3(NH3Au)2S03,3H20,  has  also  been  de- 
scribed.i 

Potassium  Auric  Sulphite,  5K2S03,Au2(S03)3,.5H20,  is  formed 
when  potassium  sulphite  solution  is  poured  into  a  solution  of 
potassium  aurate,  the  above  salt  separating  from  the  brown 
liquid  in  beautiful  yellow  needles.  It  is  very  unstable,  and 
easily  decomposes  with  separation  of  gold. 

Sodium  Auro-thiosulphate,  3Na2S203,Au2S203,4H20,  is  formed 
by  the  gradual  addition  of  a  neutral  2  per  cent,  solution  of  auric 
chloride  to  a  solution  containing  four  molecular  proportions  of 
sodium  thiosulphate.  It  is  necessary  to  wait  after  each  addi- 
tion until  the  red  liquid  which  is  formed  becomes  colourless. 
The  salt  is  formed  according  to  the  equation : 

8Na2S.,03+2  AuClj  =  (SNa^SjOs+AugSPg) +2Na2S,Oo+  6NaCl. 

It  is  then  precipitated  with  strong  alcohol,  and  any  sodium 
chloride  and  tetrathionate  which  may  be  present  removed  by 
repeated  solution  in  water  and  precipitation  with  alcohol. 
It  is  also  formed  by  the  action  of  sodium  thiosulphate  on 
gold  in  the  presence  of  oxygen.  It  crystallises  in  colourless 
needles,  which  have  a  sweet  taste.  Its  solution  is  not  reduced 
by  ferrous  sulphate  or  oxalic  acid,  nor  is  it  at  once  decomposed 
by  hydrochloric  acid,  or  by  dilute  sulphuric  acid,  although  this 
occurs  on  standing. 

When  barium  chloride,  and  afterwards  alcohol,  are  added 
to  its  solution  a  precipitate  of  the  corresponding  barium  salt  is 
obtained,  from  which  a  solution  of  the  acid  auro-thiosulphate, 
3H2S203,Au2S.p,,  is  obtained  by  addition  of  the  requisite 
quantity  of  sulphuric  acid.  This  salt  is  not  known  in  the 
anhydrous  state,  but  the  solution  can  be  evaporated  in  the  air 
to  a  syrupy  consistency. 

'  See  also  Rosenheim,  Hertzmann,  and  Pritze,  Zeit.  anorq.  Chem.,  1908,  59, 
198. 
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The  above  compounds  do  not  exhibit  the  reactions  either  of 
the  aureus  salts  or  of  the  thiosulphates,  and  hence  it  is  assumed 
that  they  contain  a  compound  radical,  whoso  hydrogen  salt  is 
the  last-named  compound.  The}-  may,  therefore,  bo  written 
HgS^OgAu  and  Na3S^OgAu,2H20.  The  extraction  of  gold  from 
auriferous  silver  ores  by  means  of  sodium  thiosulphate  depends 
on  the  formation  of  these  compounds. 

Gold  Telluride,  AuTcj,  has  been  foxind  to  occur  associated 
with  silver  telluride  in  the  minerals  sylvanite,  calaverite,  and 
krennerite,  in  Kalgoorlie,  Western  Australia,  and  in  Colorado 
and  Dakota.^ 

Gold  and  Nitrogen  and  Phosphorus. 

246  Auro-diamine  or  Fulminating  Gold,  Au(NH)NH2. — 
The  preparation  of  this  compound  was  described  with  great 
accuracy  in  the  Zasl  Testament  of  Basil  Valentine.  He 
obtained  it  by  dissolving  gold  in  aqua  regia  mixed  with 
sal-ammoniac,  precipitating  with  sal-tartari  (potashes),  and  sub- 
sequently washing  with  water.  He  then  says :  "  Dry  the 
gold  calx  in  the  air  where  no  sun  shines,  and  especially  not  over 
the  fire,  for  as  soon  as  this  powder  is  exposed  to  a  little  warmth 
it  ignites  and  does  a  great  deal  of  damage,  for  it  then  explodes 
with  such  great  power  and  might  that  no  man  can  withstand." 
He  then  describes  its  properties,  and,  amongst  others,  that  it  loses 
its  explosive  power  when  heated  with  sulphur.  The  name  of 
fulminating  gold  (aurum  fulminans)  was  given  to  it  by  Beguin 
in  1608.  It  was,  however,  also  known  under  other  names,  and 
was  used  as  a  medicine.  Angelus  Sala,  writing  in  the  first  half 
of  the  seventeenth  century,  mentions  that  no  ftdminating  gold 
can  be  prepared  if  aqua  regia  made  with  hydrochloric  acid  be' 
employed  instead  of  that  made  with  sal-ammoniac,  and  Glauber 
says  that  the  preparation  obtained  by  means  of  volatile  alkali 
(carbonate  of  ammonia)  fulminates  much  more  strongly  than 
that  made  with  oleum  tartari  (carbonate  of  potash).  In  spite 
of  these  observations,  few  chemists  believed  that  the  volatile 
alkali  took  part  in  the  composition  of  the  substance,  and  a  great 
number  of  erroneous  observations  were  made  on  the  subject 
of  the  composition  of  fulminating  gold.^     Even  Black  in  1756 

1  Frenzel,  Tsch.  Min.  Mitth.,  1897,  17,  288 ;  Chester,  Amer.  J.  Sci.,  1898, 
[4],  5,  375  ;  Smith,  Tram.  Amer.  Inst.  Mining  Eng.,  1897,  26,  485  ;  Pittman, 
Eerords  Geo!..  Survey  N.S.  W.,  1898,  5,  203,  and  others. 

^  Kopp,  Oeschichte  der  Ohemie,  4,  210. 
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stated  that  the  explosion  was  due  to  the  sudden  evolution  of  fixed 
air,  although  Kunkel,  a  very  accurate  observer,  had  already- 
pointed  out  the  true  cause.  For  in  his  Laboratormm  Ghymicum, 
which  appeared  in  1716,  fourteen  years  after  his  death,  he 
described  the  preparation  of  fulminating  gold,  and  discussed  the 
various  reactions  which  took  place.  He  then  continued :  "  Once 
I  precipitated  the  gold  with  oleum  taHari,  distilled  the  men- 
struum to  dryness,  and  then  edulcorated  ;  and  I  thus  obtained  a 
fine  gold  calx  which  became  brown  but  did  not  fulminate  at  all; 
when,  however,  the  same  substance  was  imbibed  several  times 
with  spirifAtstmnce  and  very  gently  dried,  it  exploded  violently." 
He  also  said  that  when  this  substance  was  imbibed  and  afterward 
distilled  with  oil  of  vitriol,  an  acid  sal-volatile  sublimed  in  the 
neck  of  the  retort.  "  Hence,"  he  added,  "  thou  canst  see  whence 
the  power  in  the  aurmn  fulminans  comes,  namely  from  the  sal- 
volatile  concentratum."  This  view  was  confirmed  by  the  experi- 
ments of  Bergman  and  Scheele,  who  considered  fulminating 
gold  to  be  a  compound  of  ammonia  and  gold  calx.  Hence  the 
Lavoisierians  termed  this  compound  oxide  d'or  ammoniacal. 
The  composition  of  this  body  was  subsequently  more  exactly 
investigated  by  Dumas,^  and  later  by  Raschig.^ 

When  ammonia  is  added  to  a  solution  of  auric  chloride, 
a  mixture  of  fulminating  gold  with  mtria  imidochloride, 
Au(NH)Cl,  is  precipitated  and  cannot  be  obtained  quite  free  from 
chlorine  even  by  prolonged  digestion  with  ammonia.  Pure 
fulminating  gold  is  therefore  best  prepared  by  the  action  of 
concentrated  ammonia  on  auric  hydroxide.  When  dried  over 
phosphorus  pentoxide  it  has  the  composition  2AuN2H3,3H20, 
and  is  a  dirty  olive-green  powder  which  explodes  with  great  vio- 
.lence,  either  on  percussion  or  when  heated.  When  it  is  boiled 
with  water  a  portion  of  the  nitrogen  is  evolved  in  the  form  of 
ammonia,  and  the  powder  becomes  so  unstable  that  it  can 
scarcely  be  touched  without  undergoing  decomposition.  It  is 
decomposed  by  hydrochloric  acid  with  formation  of  auric 
chloride  and  ammonium  chloride  : 

AuN2H3+5HCl  =  AuC]3-l-2NH,Cl. 

With  sulphuric  acid,  on  the  other  hand,  it  appears  to  unite, 
forming  an  extremely  explosive  sulphate,  (AuNsH.O^H^SO^. 
Both  aureus  and  auroauric  oxides   are  acted  on  by   ammonia 

'  Ann.  Chim.  Phys.,  1855,  44,  167. 
2  Annalen,  1886,  235,  341. 
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with  formation  of  compounds  analogous  to  fulminating  gold.  The 
aureus  compound,  sesqtdauraminc,  has  theformula  NAug.NHg, 
is  not  very  explosive,  and  loses  half  its  nitrogen  when  boiled 
with  water,  yielding  triauramine,  NAug.  The  derivative  of 
auroauric  oxide  has  the  formula  NgAug.SHjO,  and  is  violently 
explosive. 

Phosphides  of  Gold. — Gold  and  phosphorus  do  not  combine  at  a 
dull  red  heat,  but  the  compound  AujP^  is  formed  by  heating 
gold  at  400°  in  phosphorus  vapour,  the  tube  being  rapidly  cooled 
while  still  full  of  vapour.  It  is  a  grey  mass  which  decomposes 
on  heating  above  the  temperature  at  which  it  is  formed,  and  is 
attacked  by  chlorine  and  aqua  regia.^  A  phosphide  of  the 
formula  AuP  is  formed  by  the  action  of  phosphine  on  an 
ethereal  solution  of  auric  chloride.^ 


Gold  and  Caebon. 

247  Aurous  Acetylide  or  Aureus  Carhide.  Au^Cg. — This  com- 
pound is  obtained  as  a  yellow  powder  when  acetylene  is  passed 
into  a  solution  of  aurous  thiosulphate.  It  is  very  explosive 
when  dry,  and  is  decomposed  by  hydrochloric  acid  with  forma- 
tion of  aurous  chloride  and  acetylene,  whilst  if  is  decomposed 
into  its  elements  by  boiling  with  water.^ 

Aurous  Cyanide,  AuCN. — This  compound  is  obtained  by 
the  addition  of  hydrochloric  acid  to  a  solution  of  the  potassium 
double  salt,  and  evaporation  on  the  water-bath,  the  residue  being 
washed  in  the  dark.  It  is  a  fine  yellow  powder,  showing  iri- 
descent colours,  and  consists  of  microscopic  hexagonal  tablets 
insoluble  in  water,  and,  in  the  dry  state,  unalterable  in  the  air. 
It  is  not  attacked  by  the  single  acids,  but  dissolves  readily  in 
aqua  regia,  as  well  as  in  ammonia,  ammonium  sulphide,  and 
sodium  thiosulphate. 

Potassmm  Aurocyahide,  KAu(CN)2. — This  compound,  largely 
used  in  electro-gilding,  is  best  obtained  as  follows :  7  parts  of 
gold  are  dissolved  in  aqua  regia,  precipitated  by  ammonia,  the 
fulminating  gold  well  washed  and  brought  into  a  boihng  solu- 
tion of  6  parts  of  pure  potassium  cyanide.  The  solution  is 
then  filtered  and  allowed  to  cool,  when,  if  it  is  not  too  dilute, 

1  Granger,  Compt.  rend.,  1897,  124,  498. 

2  Cavazzi,  Oazz.,  1885,  15,  40. 

'  Berthelot,  Ann.   CUm.  Phys.,   1866,  [4],  9,  425  ;  Mathews  and  Watters, 
,  Armr.  Chem.  Soc,  1900,  22,  108. 


524  GOLD 

the  salt  separates  out  in  colourless  rhombic  pyramids  having  a 
pearly  lustre.  These  have  a  saline  and  at  the  same  time  metal- 
lic taste,  and  are  soluble  in  7  parts  of  cold,  and  in  rather  less 
than  half  their  weight  of  boiling  water.  The  mother-liquor  of 
these  salts  contains  as  impurity  potassium  chloride  and  potass- 
ium carbonate,  and  yields  on  evaporation  impure  crystals. 
These  are,  therefore,  decomposed  with  hydrochloric  acid  as 
above  described,  and  the  resulting  aurocyanide  dissolved  in 
potassium  cyanide. 

Potassium  aurocyanide  is  also  formed  when  finely  divided 
gold  is  treated  in  the  presence  of  air  with  a  solution  of  potass- 
ium cyanide  ^  (p.  499) : 

4Au  +  8KCN  -h  Oa  -1-  2H2O  =  4Au  K(CN)2  +  4K0H. 

Ammonium  Aurocyanide,  N"H^Au(CN)2,  is  obtained  by 
mixing  a  solution  of  the  foregoing  salt  with  one  of  ammonium 
sulphate,  and  removing  the  potassium  sulphate  by  precipitation 
with  alcohol.  The  crystals  have  a  disagreeable  metallic  taste, 
and  are  easily  soluble  in  water,  alcohol,  and  ether. 

Auric  Cyanide,  Au(CN)3,  is  not  certainly  known  in  the  free 
state,  but  exists  in  combination  with  hydrocyanic  acid  and  other 
cyanides.^ 

Auricyanic  Acid,  2HAu(CN)^,3H20,  is  obtained  from  the 
potassium  salt  by  precipitation  with  silver  nitrate.  The  pre- 
cipitated silver  salt  is  washed  with  cold  water  and  decomposed 
by  somewhat  less  than  the  requisite  quantity  of  hydrochloric 
acid.  The  filtrate  yields  on  evaporation  tabular  crystals  which 
are  easily  soluble  in  water,  alcohol,  and  ether. 

Potassium  Auricyanide,  2KAu(CN)^,3H20,  is  obtained  by 
mixing  hot  concentrated  solutions  of  gold  trichloride  and  potass- 
ium cyanide.  On  cooling  it  crystallises  in  large  colourless 
efflorescent  tablets.    It  is  used  for  electro- gilding. 

Ammonium  Axiriryanide,  NH^Au(CN)j,2H20,  is  formed  when 
auric  hydroxide  is  dissolved  in  ammonium  cyanide.  It  forms 
either  four-  or  six-sided  tablets  which  are  easily  soluble  in  water 
and  alcohol,  but  not  in  ether. 

Auroi(,s  Thiccyanate  is  only  known  in  combination  with  other 
thiocyanates.  Potassium  aurothiocyanate,  AuSCN,KSCN,  is 
obtained  with  evolution  of  thiocyanic  acid,  when  a  neutral  gold 

'  Eisner,  J.  pr.   Chem.,  1846,  37,  33.3 ;  .Johnston,   Phil.  Man.,    1836,  FSl, 
9,  266. 
-  Himly,  Annalen,  1842,  42,  340  ;  and  Gmelin,  Handbook,  8,  41. 
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solution  is  poured  into  a  hot  solution  of  potassium  thio- 
cyanate.  It  crystallises  in  yellow  obtuse  prisms.  When  hydro- 
chloric acid  is  added  to  the  solution  copper-red  needles  separate 
out,  and  silver  nitrate  precipitates  the  douile  silver  gold  thio- 
cyanate,  AuSCN,AgSCN.  Ammonia  also  produces  a  white 
precipitate  of  aurammonium  thiocyanate,  (AuNH3)SCN. 

Auric  Thiocyanate,  is  not  known  in  the  free  state,  -but  if  a 
solution  of  gold  trichloride  be  precipitated  with  potassium  thio- 
cyanate in  the  cold,  an  orange-yellow  precipitate  of  KAu(SCN)^ 
is  thrown  down,  which  crystallises  in  slender  needles  and  is 
partially  decomposed  by  hot  water. 

Detection  and  Estimation  of  Gold. 

248  When  a  gold  compound  is  heated  on  charcoal  in  the 
reducing  flame,  a  yellow  malleable  bead  is  obtained  which 
dissolves  in  aqua  regia.  If  this  solution  be  dropped  on  to  filter 
paper  and  one  drop  of  stannous  chloride  added,  a  purple  red 
colour  is  observed.  Gold  can  be  readily  detected  in  its  solutions 
inasmuch  as  it  is  obtained  in  the  metallic  state  by  reducing 
agents,  the  well-washed  precipitate  being  dissolved  and  the 
solution  tested  with  stannous  chloride.  This  is  best  done  by 
pouring  the  boiling  solution  which  is  supposed  to  contain  gold 
into  a  small  quantity  of  concentrated  stannous  chloride  solution. 
If  gold  be  present,  the  precipitated  stannous  hydrate  has  a 
purplish  colour.  One  part  of  gold  in  100,000,000  of  water  can 
thus  be  detected.^ 

In  the  ordinary  method  of  analysis  gold  is  precipitated  along 
with  tin,  antimony,  arsenic,  and  platinum.  The  method  adopted 
for  its  separation  is  described  under  the  last  of  these. 

The  spark  spectrum  of  gold  has  been  mapped  by  Kirchhoff, 
Thalen,  Huggins,  and  Krliss.  The  brightest  linos  are  6,277 
5,960,  5,955,  and  5,836  in  the  orange  and  yellow,  and  5,230  and 
4,792  in  the  green  and  blue  ;  there  are  also  several  lines  in  the 
violet  and  ultra-violet.  Gold  compounds  do  not  impart  any  tint 
to  the  non-luminous  gas  flame. 

Assay  of  Gold  Ores  and  B^ollion.— The  amount  of  gold  contained 
in  an  ore  is  usually  ascertained  by  fusing  the  ore  with  red-lead 
or  litharge,  charcoal,  sodium  carbonate,  and  borax.  In  this  way 
a  button  of  lead  is  obtained  which  contains  all  the  gold  and 
silver  of  the  ore.     This  button  is  then  cupelled,  the  residual 

1  Rose,  Chem.  New,,  1892,  66,  271. 
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bead  of  gold-silver  alloy  weighed,  recupelled  with  more  silver  if 
necessary,  treated  with  nitric  acid,  and  the  gold  which  remains 
weighed.  In  order  to  determine  the  value  of  gold  bullion  it  is 
cupelled  with  lead  with  addition  of  so  much  silver  that  the 
quantity  of  the  latter  is  about  two  and  a  half  times  that  of  the 
gold  present.  A  gold-silver  alloy  is  thus  obtained  which  is 
rolled  out  and  then  boiled  with  nitric  acid  of  specific  gravity 
1'26.  The  residual  gold  cornet  having  been  well  washed  is 
placed  in  a  small  crucible  and  heated  in  a  muffle  to  a  point  just 
below  that  at  which  gold  melts,  in  order  to  render  it  coherent, 
after  which  it  is  cooled  and  weighed. 

The  assaying  of  gold  is  an  operation  of  much  importance  and 
one  in  which  great  accuracy  is  needed.  The  errors  attaching  to 
the  process  are  chiefly  (1)  errors  in  weighing,  (2)  loss  of  gold  by 
absorption  in  the  cupel  and  by  volatilisation,  (8)  slight  solution 
of  the  gold  by  the  acid,  (4)  and  most  important,  the  presence  of 
a  portion  of  silver  in  the  gold  cornet,  together  with  occluded 
gases.  In  order  to  compensate  for  these  various  errors,  an 
allowance,  called  the  surcharge,  is  made  on  each  assay,  the  value 
of  this  allowance  being  determined  by  special  experiments  with 
known  amounts  of  pure  gold.  In  this  way,  and  by  carrying  out 
all  the  processes  with  unvarying  uniformity,  as  well  as  by 
making  the  assay  on  a  number  of  samples  placed  in  different 
parts  of  the  muffle,  very  great  accuracy  can  be  attained.  When 
every  precaution  is  taken  the  limit  of  accuracy  which  can  be 
obtained  with  high  standard  alloys  appears  to  be  one  part 
in  50,000.1 

Gold  has  also  been  estimated  electrolytically  by  depositing  it 
from  solutions  of  its  salts  iu  the  presence  of  potassium  cyanide 
or  thiocyanate. 

The  Atomic  Weight  of  Gold  was  first  determined  with  accuracy 
by  BerzeHus,^  who  ascertained  the  quantity  of  mercury  necessary 
to  precipitate  gold  from  its  chloride,  and  obtained  as  the 
mean  of  two  experiments  the  number  196-4.  At  a  later 
period  s  he  determined  the  relation  between  gold  and  potassium 
chloride  in  potassium  aurichloride,  KAuCl^,  and  obtained  the 
number  196-69,  whilst  Levol*  found  the  number  196-49  by  re- 
ducing a  solution  of  pure  auric  chloride  with  sulphur  dioxide 
and  determining  the  relation  between  the  precipitated  gold  and 
the  sulphuric  acid  which  was  formed. 

1  Rose,  Journ.  Chem.  Soc,  1893,  63,  700.        '■'  Schioeiggers,  Joxirn.,  7,  44. 
»  Btr-^.  Jahresber.,  25,  41.  ^  Aim.  Chim.  Phys.,  1850 [3],  30,  355. 
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The  atomic  weight  has  also  been  determined  by  Thorpe  and 
Laurie,  Kriiss,  and  Mallet.  The  first-named  chemists  ^  started 
with  potassium  auribromide  which  was  carefully  heated  to 
convert  it  into  metallic  gold  and  potassium  bromide.  The 
relation  of  gold  to  potassium  bromide  in  this  mixture  was 
then  determined,  as  well  as  the  amount  of  silver  necessary  to 
precipitate  the  potassium  bromide  corresponding  to  a  known 
amount  of  gold,  and  the  amount  of  silver  bromide  thus  formed. 
The  mean  result  of  these  experiments  was  197'28.  Kriiss  ^ 
arrived  at  a  somewhat  lower  number,  197'13,  by  the  analysis 
of  weighed  amounts  of  the  same  salt.  Mallet^  finally 
obtained  the  number  197-22,  intermediate  between  those 
of  Thorpe  and  Laurie,  and  Kriiss,  by  the  analysis  of  auric 
chloride,  auric  bromide,  and  potassium  auribromide.  Other 
determinations  by  somewhat  less  reliable  methods  yielded 
him  rather  high  numbers.  The  atomic  weight  is  now  (1913) 
taken  as  197'2. 

1  Jourji.  Chem.  Soc,  1887,  51,  866. 

2  Ber.,  1887,  20,  207 ;  Annaleu,  1887,  238,  30,  242. 

3  Froc.  Roy.  Soc,  1890,  46,  71. 
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GROUP  II. 

Sul-group  (a). — The  Alkaline  Earth  Metals  : 
Calcium. 
Strontium. 
Barium. 
Radium. 

Suh-gro-up  (h). — The  Magnesium  Group  : 
Glucinum  (Beryllium). 
Magnesium. 
Zinc. 

Cadmium. 
Mercury. 

249  The  metals  of  this  group  are  divalent  in  almost  all  their 
compounds.  An  apparent  exception  is  the  element  mercury, 
which  in  addition  to  the  normal  derivatives  forms  a  series  of 
salts  in  which  each  atom  of  the  metal  replaces  only  one  atom 
of  hydrogen.  It  appears  probable,  however,  that  two  atoms  of 
the  element  are  present  in  the  molecules  of  these  compounds, 
united  to  form  a  divalent  group  Hg/. 

Some  of  the  other  metals  form  halogen  compounds  correspond- 
ing in  composition  with  the  mercurous  compounds,  but  these  are 
as  yet  but  little  known.  All  the  metals  form  a  basic  oxide, 
which  has  the  general  formula  M"0,  and  also  yield  the  corre- 
sponding hydroxide  M"(0H)2,  which  in  the  case  of  the  metals 
of  sub-group  (a)  is  soluble,  and  in  that  of  the  metals  of  sub- 
group (b)  almost  insoluble,  in  water.  All  of  these  elements 
combine  directly  with  oxygen  fairly  readily,  forming  the  divalent 
oxide. 

In   the   table   given   on   pp.-  50-1,   it   will    be    seen    that 
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glucinum  occurs  in  the  same  sub-group  as  calcium,  strontium, 
and  barium ;  in  its  general  properties,  however,  it  is  more  closely 
allied  with  magnesium  and  zinc,  and  it  is  therefore  described 
together  with  these  metals. 

The  element  radium  probably  belongs  to  this  group,  but  it  is 
described  later  on  among  the  radioactive  elements. 


THE  ALKALINE  EARTH  METALS. 

250  The  name  earth  was  used  by  the  older  chemists  to 
designate  all  those  non-metallic  substances  which  were  insoluble 
in  water  and  did  not  undergo  alteration  when  exposed  to  a  high 
temperature.  It  was  afterwards  observed  that  some  of  these, 
such  as  lime  and  magnesia,  were  closely  allied  to  the  alkalis, 
inasmuch  as  they  possessed  an  alkaline  reaction  and  neutralised 
acids.  These  bodies  were  therefore  termed  te^Tce  alcalinm,  and 
this  name  was  subsequently  also  applied  to  baryta  and  strontia. 
As  the  other  compounds  of  magnesium  resemble  the  correspond- 
ing ones  of  zinc,  cadmium,  and  glucinum  more  nearly  than  those 
of  barium,  strontium,  and  calcium,  this  metal  is  now  no  longer 
regarded  as  belonging  to  this  group,  the  term  "  metals  of  the 
alkaline  earths"  being  therefore  confined  to  the  metals  contained 
in  the  oxides  lime,  strontia,  and  baryta. 

The  alkaline  earths,  like  the  alkalis,  were  supposed  to  be 
elementary  bodies  until  Davy,  in  the  year  1807,  showed  that 
each  earth  was  a  compound  of  a  metal  and  oxygen. 

The  metals  themselves  very  readily  oxidise  in  moist  air  and 
decompose  water  at  the  ordinary  temperature  with  evolution  of 
hydrogen  and  formation  of  the  hydroxide.  The  oxides  fuse  only 
at  the  temperature  of  the  electric  furnace,  and  combine  with 
moisture  with  great  avidity  forming  the  hydroxides,  the  solu- 
bility of  which  in  water  increases  with  the  atomic  weight  of  the 
metal.  They  also  form  peroxides  having  the  formula  M^Oj, 
that  of  barium  being  obtained  by  the  direct  union  of  barium 
monoxide  and  oxygen.  Like  the  alkali  metals  they  unite  with 
hydrogen  to  form  hydrides,  and  they  all  combine  directly  with 
nitrogen  to  form  nitrides.  The  salts  for  the  most  part  crystal- 
lise well  ;  the  carbonates,  phosphates,  and  sulphates  are  either 
very  sparingly  soluble  or  insoluble  in  water,  as  are  also  their 
salts  with  many  organic  acids. 

VOL.  11.  ^^  M 
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CALCIUM.     Ca  =  40.07. 

251  The  very  early  application  of  mortar  to  building  pur- 
poses shows  that  the  ancients  were  well  acquainted  with  the 
properties  of  lime  and  its  preparation  by  the  burning  of  lime- 
stone. In  the  writings  of  Dioscorides  and  Pliny  we  find  a 
description  given  of  the  process  of  lime-burning,  as  well  as  of 
that  of  slaking  lime. 

Calcium  occurs  very  widely  diffused  in  nature,  especially  as 
the  carbonate,  which  occurs  in  various  forms,  such  as  calc-spar, 
aragonite,  chalk,  marble,  limestone,  coral,  &c.  United  with 
magnesium  carbonate,  as  magnesium  limestone  or  dolomite,  it 
forms  whole  mountain  ranges,  and  this  compound,  when  crystal- 
lised, is  known  as  bitter-spar.  Many  other  minerals  contain 
calcium  carbonate  in  isomorphous  mixture ;  amongst  these 
may  be  mentioned  chalybite  or  brown-spar,  (Ca,Mg,Fe,Mn)C03 ; 
mangano-calcite,  (Mn,Ca,Mg)C03 ;  plumbocalcite,  (Ca,Pb)C03, 
&c.  Calcium  also  occurs  in  large  quantity  as  sulphate,  either 
as  the  anhydrous  compound,  termed  anhydrite,  CaSO^,  or  in 
the  hydrated  form,  as  selenite  or  gypsum,  CaSO^,2H20. 
Calcium  phosphate,  combined  with  calcium  chloride  or  calcium 
fluoride,  occurs  in  the  well-known  minerals  apatite  and 
osteolite.  Calcium  borate  is  also  found  in  nature  combined 
with  many  other  metallic  borates,  whilst  silicate  of  calcium 
occurs  as  an  almost  invariable  constituent  of  all  silicates.  The 
solid  constituents  found  in  river  and  spring  waters  also  consist 
mainly  of  calcium  carbonate  or  calcium  sulphate,  and  these,  as 
well  as  phosphate  and  fluoride  of  calcium,  are  found  in  sea- 
water.  The  behaviour  of  these  calcium  salts  during  the  evapora- 
tion of  sea- water,  and  the  forms  in  which  they  occur  in  mineral 
deposits  which  have  been  produced  in  this  way,  have  been  very 
fully  dealt  with  by  van't  Hoff.i 

Calcium  salts  form  a  never-failing  component  of  the  bodies  of 
plants  and  animals,  and  cannot  be  replaced  by  any  other  salts. 
They  accumulate  in  the  leaves  of  plants  ;  the  roots  and  seeds, 
as  a  rule,  yield  only  small  quantities  of  them.  The  bones  and 
teeth  of  animals  contain  large  amounts  of  calcium  phosphate, 
together  with  some  carbonate  and  fluoride.  Egg  shells  and 
the  shells  of  moUusca,  on  the  other  hand,  chiefly  contain  calcium 

1  Ztit.  anorg.  Chem.,  1905,  47,  244. 
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carbonate.  Calcium  occurs  also  in  the  sun,  in  meteorites,  and 
in  certain  of  the  fixed  stars. 

Preparation  of  Metallic  Calcium. — Calcium  was  first  prepared 
by  Davy  by  the  electrolysis  of  calcium  chloride  in  the  presence  of 
mercury,  the  calcium  remaining  as  a  metallic  powder  upon  heat- 
ing the  amalgam  thus  obtained.  It  was  first  obtained  in  a 
coherent  metallic  mass  in  1856  by  Matthiessen,^  who  electro- 
lysed a  mixture  of  the  chlorides  of  calcium  and  strontium  with 
a  small  amount  of  ammonium  chloride  in  a  porcelain  crucible, 
the  anode  consisting  of  carbon,  and  the  cathode  of  a  thin  iron 
wire,  so  that  a  high  current  density  could  be  obtained.  The 
metal  prepared  in  this  way  had  a  yellowish  colour  and  was  not 
pure  but  probably  contained  calcium  nitride  and  some  strontium. 
The  electrolysis  of  the  chloride  also  yielded  an  impure  product 
(Frei),^  as  did  the  action  of  sodium  on  the  iodide  ^  and  of  a  mix- 
ture of  zinc  and  sodium  on  the  chloride.* 

Calcium  was  first  prepared  in  the  pure  state  by  Moissan  ^  in 
1898  by  the  electrolysis  of  the  fused  iodide  and  by  heating 
calcium  iodide  with  a  large  excess  of  sodium.  The  calcium 
separates  from  the  sodium  on  cooling  in  white  crystals,  and  the 
■  excess  of  sodium  is  then  removed  by  the  action  of  alcohol,  which 
acts  upon  the  sodium  before  the  calcium. 

Both  of  these  processes  were  costly,  and  the  economical  pro- 
duction of  metallic  calcium  remained  an  unsolved  problem  until 
in  1902  it  was  found  that  the  metal  could  be  obtained  com- 
paratively easily  by  the  electrolysis  of  calcium  chloride  provided 
that  the  temperature  of  the  fused  salt  was  kept  as  low  as 
possible.  This  was  effected  by  Kuff  and  Plato"  by  using  a 
mixture  of  83"5  parts  of  calcium  chloride  with  16'5  of  calcium 
fluoride,  which  melts  at  655°.  Borchers  and  Stockem ''  carried 
out  the  electrolysis  in  a  special  form  of  cell  and  obtained  the 
metal  in  the  form  of  a  spongy  mass,  which  was  then  pressed 
together  under  the  surfiice  of  the  molten  electrolyte,  removed 
and  melted  under  calcium  chloride.  The  metal  is  now  prepared 
as  a  coherent  metallic  mass  on  a  moderately  large  scale  from 
the  chloride  with  or  without  admixture  of  fluoride.  An  iron 
rod  is  employed  as  the  cathode,  and  this  is  gradually  raised  as 

1  Joiirn.  Chem.  Soc,  1856,  8,  28.  ''  Annalen,  1876,  183,  307. 

^  Life  Bodart  andJobin,  Ann.  Chim.  Phys.,  1858,  [3],  54,  364. 

*  Caron,  Auiiaku,  1860,  115,  355. 

'  Compt.  rtnd.,  1898,  126,  1753.  "  Btr.,  1902,  35,  3612. 

7  Zeit.  Elektrochem.,  1902,  8,  757  ;  see  also  Arndt,  ibid.,  1902,  8,  861. 
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the  electrolysis  proceeds,  drawing  with  it  the  adhering  calcium, 
the  metal  being  protected  from  the  action  of  the  air  by  the  layer 
of  fused  salt  with  which  it  is  covered.^  It  is  thus  obtained  in 
the  form  of  irregular  cylinders  sometimes  weighing  more  than  a 
quarter  of  a  kilogram,  and  is  at  present  (1913)  sold  in  this  form 
at  about  fifteen  shillings  per  kilogram.  Poulenc  Freres  employ 
an  electrode  of  fused  aluminium  and  obtain  an  alloy  containing 
97  per  cent,  of  calcium.  Metallic  calcium  has  not  yet  found 
any  important  technical  application. 

Properties  of  Calcium. — Calcium  as  prepared  by  the  foregoing 
method  contains  about  0  4 — 1  per  cent,  of  impurities.  It  is  of  a 
pure  silver-white  colour,  melts  at  about  800°,  and  has  the  density 
1'52 — 1'59.  It  sublimes  even  below  its  melting  point  when 
heated  in  a  vacuum,  and  condenses  as  a  crystalline  layer  on  the 
cooler  parts  of  the  vessel.  It  is  malleable  and  somewhat  harder 
than  lead.  A  fresh  surface  soon  becomes  yellowish  in  the  air, 
but  retains  its  lustre  in  dry  air.  The  metal  decomposes  water 
slowly,  and  acts  vigorously  on  acids.  Calcium  reacts  with 
alcohols,  particularly  on  heating,  producing  alkyloxides, 
Ca(0Alk)2.^  It  burns  brilliantly  when  heated  in  oxygen, 
is  attacked  by  chlorine  and  sulphur  at  400°,  and  combines 
readily,  when  heated,  with  nitrogen,  phosphorus,  silicon,  and 
other  non-metals.^ 

When  the  metal  prepared  by  electrolysis  is  hammered,  mild 
explosions  accompanied  by  showers  of  sparks  occur,  the  cause 
of  which  has  not  yet  been  ascertained.*  Alloys  of  calcium  with 
other  metals  decompose  water  when  they  contain  more  than 
11°/  oi  calcuim.5 


COMPOUNDS    OF    CALCIUM. 

Calcium  and  Oxygen. 

252  Calcium  Monoxide  or  lAme,  CaO,  is  formed  in  the  pure 
state  by  the  ignition  of  the  pure  carbonate,  as  Iceland-  or  calc- 

1  Goodwin,  Proc.  Amer.  Phil.  Soc,  190.3,  43,  381  :  Wohler,  Zeit.  EleUro- 
chem.,  1905,  11,  612 ;  RatUenau,  Zeil.  EleJctrochem.,  1904,  10,  508  ;  Tucker  and 
Whitney,  .7.  Amer.  Chem.  Soc,  1906,  28,  84. 

2  Perkin  and  Pratt,  Journ.  Chem.  Soc,  1909,  95,  159. 

3  Moissan,  Compt.  rend.,  1898,  127,584  ;  1899,128,  384;  Arndt,  Be,:,  1904, 
37,  4733;  Moissan  and  Cliavanne,  Compt.  rend.,  1905,  140,  122. 

*  Doernier,  Ber.,  1906,  39,  211. 

5  Baar,  Zeit.  Elektrochem. ,  1911,  70,  352. 
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spar,  or  white  marble,  in  a  crucible  in  a  current  of  indifferent 
gas ;  otherwise  the  decomposition  is  not  complete  (p.  129). 

On  the  large  scale  lime  is  burnt  in  kilns,  the  interiors  of 
which  are  usually  egg-shaped.  The  limestone  is  mixed  up 
with  coal  or  other  combustible  matter,  one  bushel  of  coal 
generally  sufficing  to  make  five  or  six  bushels  of  lime.  In  some 
cases  an  arch  is  formed  over  the  fire-grate  with  lumps  of  lime- 
stone, the  kiln  filled  up  with  smaller  pieces,  a  fire  kindled  below 
the  .arch,  and  this  kept  up  for  thirty-six  to  forty-eight  hours. 
The  kiln  is  then  allowed  to  cool,  the  lime  removed,  and  a  fresh 
charge  introduced.  An  improved  and  continuous  process  of 
lime-burning  is  now  often  employed  in  which  the  charge  of 
limestone  and  coal  is  added  from  time  to  time  at  the  upper  part 
of  the  kiln,  and  the  quicklime  withdrawn  at  the  lower  part.  A 
great  saving  of  fuel  is  thus  effected,  and  the  smoke  which  is 
always  given  off  from  the  common  kiln  is,  in  the  improved  kiln, 
drawn  into  a  high  chimney  and  completely  burnt. 

Pure  lime  is  a  white  amorphous  mass,  having  a  specific  gravity 
of  330 ;  it  shows  signs  of  fusion  in  the  oxy-hydrogen  flame  and 
can  readily  be  melted  and  boiled  in  the  electric  furnace,  a  current 
of  about  300  amperes  at  50 — 70  volts  being  sufficient  to  maintain 
500  g.  of  lime  in  ebullition  ;  the  melting  point  is  about  1900°. 
The  vapour  condenses  in  the  electric  furnace  in  cubes  and  acicular 
prisms  composed  of  aggregates  of  cubes,  which  have  the  sp.  gr. 
340  and  gradually  pass  into  a  second  crystalline  modification 
which  is  doubly  refracting.^  It  is  also  obtained  crystallised  in 
cubes  by  heating  calcium  nitrate  in  a  porcelain  flask.^  On 
exposure  to  the  air  it  combines  with  moisture,  passing  into  the 
hydroxide,  Ca(0H)2,  which  then  absorbs  carbon  dioxide.  When 
water  is  poured  on  to  quick  lime  the  latter  is  converted  into  the 
hydroxide  with  great  evolution  of  heat,  the  temperature  rising 
in  some  cases  as  high  as  150°.  The  evolution  of  heat  may  be 
well  shown  by  strewing  a  few  grains  of  gunpowder  on  to  the 
lime  whilst  it  is  being  slaked,  when  the  powder  will  take  fire. 
Lime  which  has  been  fused  slakes  only  after  remaining  in  con- 
tact with  water  for  two  or  three  days.^  Although  lime  unites 
so  readily  with  water  it  is  in  absence  of  this  a  very  inert 
substance ;  thus  it  does  not  combine  to  an  appreciable  extent 

1  Moissan,  Compt.  rend.,  1892,  115,  1034 ;  1902,  134,  136.  Compare  Jouve, 
Compt.  rend.,  1901,  132,  1117. 

^  Briigelmann,  Ann.  Phys.  Chem.,  1877,  2,  466. 

'  Oddo,  Atti.  B.  Accad.  Lined,  1896,  [5],  5,  i.,  361  ;  Hautier,  Compt.  rend., 
1899,  128,  939. 
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with  dry  chlorine,  carbon  dioxide,  sulphur  dioxide  or  oxides  of 
nitrogen  below  300 — 350",  whereas  it  is  readily  acted  on  by  these 
substances  in  presence  of  moisture.^  Dry  hydrogen  chloride 
begins  to  attack  it  at  40°.- 

The  most  important  use  of  lime  is  in  the  preparation  of  mortars 
and  cements  for  building  purposes,  and  its  value  for  these  pur- 
poses depends  upon  .the  nature  of  the  limestone  from  which 
it  has  been  prepared.  The  lime  obtained  from  pure  limestone 
slakes  readily  and  is  termed  a  "fat  "  lime,  but  if  the  limestone 
contains  magnesia  it  only  forms  a  thin  mixture  with  water,  and 
is  termed  a  "  poor  "  lime.  When  the  quantity  of  magnesia  rises 
to  25 — 30  per  cent,  the  product  is  almost  useless  for  building 
purposes.  If  the  limestone  used  contains  silica  in  considerable 
quantity,  the  resulting  lime  yields  a  mortar  which  hardens  under 
water ;  it  is  known  as  hydraulic  lime,  and  the  mortar  obtained 
from  it  as  hydraulic  mortar  (p.  565).  The  presence  of  clay  in 
the  limestone  frequently  causes  it  to  vitrify  if  too  strongly  heated, 
a  hard  crust  of  silicates  being  formed  on  the  surface  which 
causes  it  to  slake  very  slowly.  Such  lime  is  said  to  be  "  dead 
burnt." 

Ordinary  mortar  is  a  mixture  of  one  part  of  lime  made 
into  a  paste  with  water  and  mixed  with  three  to  four  parts  of 
sharp  sand,  the  completeness  of  the  subsequent  hardening  being 
dependent  on  the  proper  admixture  of  the  ingredients.  Mortar 
sets  sufficiently  to  give  stability  to  a  structure  in  a  few  days, 
this  being  brought  about  almost  entirely  by  the  loss  of  water. 
It  thus  becomes  porous,  and  the  lime  is  then  gradually  attacked 
by  the  carbon  dioxide  of  the  air,  which  converts  it  slowly  but 
completely  into  calcium  carbonate,  the  mortar  gradually  harden- 
ing, and  cementing  the  sand  and  building  material  together. 
Many  years  or  even  centuries  elapse  before  the  maximum  of 
hardness  is  reached,  and  it  appears  that  at  the  same  time  an 
extremely  slow  combination  of  the  silica  and  lime  takes  place ; 
thus  Petzholdt  ^  found  21  per  cent,  of  combined  silica  in  a 
mortar  100  years  old,  and  6'2  per  cent,  in  a  sample  300  years 
old,  the  lime  originally  used  only  containing  at  most  Oil  per 
cent.  Under  ordinary  circumstances,  however,  this  action  plays 
no  part  in  the  hardening  process. 

In  addition  to  its  use  for  building  purposes  lime  is  used  for 

1  Veley,  Jonrn.  Chem.  Soc,  1893,  63,  821  ;  1894,  65,  1. 

2  Veley,  Ber.,   1896,  29,  577. 

3  J.  pr.  Chem.,  1839,  16,  91 ;  17,  464. 
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the  purposes  of  drying  gases  and  liquids,  and  in  numerous 
analytical  processes,  and  also,  when  slaked,  for  the  purification  of 
coal-gas  (Vol.  I.,  p.  873),  and  the  manufacture  of  caustic  soda 
and  bleaching  powder. 

Calcmm  Hydroxide,  Ca(0H)2. — This  substance,  also  known  as 
slaltcd  lime,  is  obtained,  as  already  stated,  by  the  action  of  water 
on  quick  lime.  It  is  a  white  impalpable  powder,  having  a 
specific  gravity  of  2'078  (Filhol).  Calcium  hydroxide  is  like- 
wise obtained  as  a  white  precipitate,  when  a  solution  of  caustic 
potash  or  soda  is  added  to  a  tolerably  strong  solution  of  calcium 
chloride.  If  a  very  strong  or  saturated  solution  of  calcium 
chloride  be  employed  in  the  above  experiment,  the  whole 
mass  becomes  solid.  This  fact  was  observed  in  1686  by 
Francisco  Lana,  and  described  by  him  as  the  "  chemical 
miracle."  Calcium  hydroxide  dissolves  more  readily  in  cold 
than  in  hot  water ;  100  parts  of  water  at  10"  dissolve  0'29 
part,  at  100°,  0-06  part  (Maben),i  at  150°,  0-017  part,  and  at 
190°,  O'OOS  part  (Herold).^  The  clear  solution,  evaporated 
in  a  vacuum  over  sulphuric  acid,  deposits  the  hydroxide 
either  in  the  form  of  small  tablets  or  of  small  prismatic  crystals. 

The  solution  of  calcium  hydroxide,  usually  known  as  lime 
water,  possesses  an  alkaline  reaction  and  taste.  It  quickly 
absorbs  carbon  dioxide  from  the  air,  and  is  used  in  medicine 
and  in  the  laboratory.  As  the  ordinary  slaked  lime  often  con- 
tains small  quantities  of  baryta  and  strontia  together  with  solu- 
ble salts  of  the  alkalis,  it  is  usual  to  treat  the  powder  several 
times  with  water  and  only  to  employ  the  last  solution. 

Milk  of  Lime  is  calcium  hydroxide  suspended  in  water. 

Calcium  Dioxide,  CaOg,  was  discovered  by  Th^nard,  who 
obtained  it  by  precipitating  lime  water  with  hydrogen  dioxide. 
In  order  to  procure  the  substance  in  the  pure  state  the  hydrogen 
dioxide  must  be  added  in  excess  to  lime  water.  The  precipitate 
at  13 — 14°  possesses  the  composition  CaOj.SHgO,  and  consists  of 
microscopic  tetragonal  tablets  or  prisms,  which  are  sparingly 
soluble  in  water  and  insoluble  in  alcohol ;  ^  at  a  slightly  higher 
temperature  Ca02,2H20  is  produced.*  On  exposure  to  the  air 
the  crystals  effloresce,  and  when  heated  to  130°  they  lose  their 
water,  leaving  behind  a  light  powder  of  the  anhydrous  oxide. 

1  Pharm.  J.,  [3],  1883-4,  14,  505.      See  also  Guthrie,  J.  Soc.  Chem.  hid., 
1901,  20,  223. 

2  Zeit.  Eleltrochem.,  1905,  11,  417. 
=  Ann.  Chim.  Phys.,  1818,  8,  313. 

^  de  Forcrand,  Compt.  rend.,  1900,  130,  1250,  1308,  1388. 
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When  further  heated  the  substance  loses  half  its  oxygen 
without  fusing. 

Technically  it  is  manufactured  by  mixing  and  theo  com- 
pressing Ca(0H)2  with  'N&fi^}  The  pressed  product  is  then 
treated  with  ice  water.  The  dehydrated  powder  is  used  as  an 
oxidising  agent  and  antiseptic.  It  contains  13'5  per  cent,  of 
available  oxygen,  and  a  considerable  amount  of  calcium 
hydroxide.^ 

Calcium  and  Hydrogen. 

253  Calcium  Hydride,  CaHg,  is  produced  when  metallic 
calcium  is  heated  in  a  nickel  boat  to  dull  redness  in  a  cuiTent 
of  hydrogen.  It  forms  a  fused  mass  of  slender  transparent  plates, 
has  the  sp.  gr.  1'7,  and  does  not  decompose  appreciably  at  600°  in 
vacuo.  It  is  readily  decomposed  by  water,  yielding  the  hydroxide 
and  hydrogen : 

CaH^  +  2H2O  =  Ca(0H)2  +  2H2. 

It  burns  brillantly  when  heated  in  the  air  or  oxygen,  acts  as  a 
vigorous  reducing  agent,  and  is  attacked  by  the  halogens,  sulphur, 
and  phosphorus,  when  heated.^  It  is  made  technically  by 
heating  calcium  in  hydrogen  in  horizontal  retorts,  and  is 
known  as  hydrolith.  One  kilogram,  when  treated  with  water, 
yields  about  one  cubic  metre  of  hydrogen.* 

Calcium  and  the  Halogens. 

254  Calcium  Fluoride,  CaFg,  occurs  as  the  mineral  fluor-spar, 
which  has  from  early  times  been  used  in  the  fluxing  of  ores, 
whence  its  name  is  derived.  Agricola  says  "  Fluores  lapides 
gemmarum  similes  sed  minus  duri,  qui  ignis  calore  liquescunt "  ; 
and  then  further :  "  Dum  metalla  excoquuntur,  adhibere  solent, 
reddunt  enim  materiam  in  igne  non  paulo  fluidiorem." 

Fluor-spar  occurs  largely  in  Derbyshire  in  veins,  especially 
in  the  celebrated  limestone  caves  in  the  Castleton  valley. 
It  is  there  found  as  a  coloured  variety  which  is  commonly 
known  as  Blue  John,  and  one  of  these  large  caverns  is 
termed   the   Blue   John   cave.      It   is   also   found   in   Saxony 

1  German  Patents,  128617,  132706.     Of.  also  French  Patent,  364249. 

2  Foregger  and  Philipp,  /.  Soc.  Ohem.  Ind.,  1906,  25,  298. 
'  Moissan,  Compt.  rend.,  1898,  127,  29. 

^  Jaubert,  Compt.  rend.,  1906,  142,  788. 
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and  in  many  other  countries.  It  crystallises  in  cubes  and 
octahedra,  and  in  combinations  of  these  two  forms,  or  in  other 
forms  belonging  to  the  regular  system.  In  the  pure  condition  it 
is  colourless ;  in  general,  however,  it  has  a  blue,  violet,  red,  green, 
yellow,  or  brown  colour,  the  cause  of  which,  as  in  the  case  of 
coloured  rock  salt  (p.  253),  is  not  fully  understood.  Those 
samples  which  have  a  bright  colour  are  worked  up  into  vases, 
dishes,  cups,  &c.  Calcium  fluoride  also  occurs  in  small  quantity 
in  the  ashes  of  certain  plants,  in  bones,  in  the  enamel  of  the 
teeth,  in  sea-water,  and  in  the  water  of  certain  mineral  springs. 
It  is  very  nearly  insoluble  in  water  and  dilute  acids,  melts  at 
1330°,  and  has  the  sp.  gr.  318. 

When  precipitated  calcium  fluoride,  obtained  by  mixing  a 
solution  of  calcium  chloride  with  one  of  a  soluble  metallic 
fluoride,  is  heated  with  water  slightly  acidified  with  hydrochloric 
acid,  the  precipitate  is  found  to  consist  of  microscopic  octahedra.^ 

The  property  which  fluor-spar  possesses  of  becoming  luminous 
when  heated,  giving  rise  to  the  term  fluorescence,  was  first 
mentioned  by  Elsholz  in  1677,  and  further  described  by  Leibnitz 
in  1710. 

Calcium  Chloride,  CaClg.— Isaac  Hollandus  in  the  four- 
teenth century  describes,  under  the  name  of  scd-ammoniacum 
fixicm,  a  substance  which  he  obtained  by  heating  together  sal- 
ammoniac  and  lime.  Homberg  in  1693  noticed  that  this  salt, 
when  fused,  became  phosphorescent,  and  hence  it  was  long 
known  as  Romberg's  phosphorus.  Calcium  chloride  is  found  in 
solution  in  sea- water,  and  in  many  mineral  springs.  It  also 
occurs  as  a  constituent  of  a  few  minerals,  such  as  tachhydrite, 
CaCl2,MgCl2,12H20,  and  apatite,  3Ca3(PO,)„(CaCl2,CaF2). 

In  order  to  prepare  pure  chloride  of  calcium,  Iceland-spar, 
chalk,  or  white  marble  is  dissolved  in  hydrochloric  acid  until 
the  latter  is  nearly  saturated.  Chlorine  water  is  then  added,  in 
order  to  oxidise  any  iron  or  manganese  compounds  which  may 
be  present.  These  impurities  are  next  precipitated  by  the 
addition  of  milk  of  lime,  and  the  precipitate  is  filtered  off  The 
slightly  alkaline  solution  is  then  acidified  with  hydrcJchloric 
acid,  and  the  solution  evaporated  either  to  the  point  of  crystal- 
lisation or  to  dryness.  Chloride  of  calcium  is  obtained  on  the 
large  scale  as  a  by-product  in  several  manufacturing  processes, 
as  in  that  of  potassium  chlorate,  in  the  ammonia-soda  process 
the  Weldon  chlorine  process,  &c. 

1  See  also  Defaoqz,  Compt.  rend.,  1903,  137,  1251. 
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The  hydrated  salt  crystallises  from  a  saturated  solution  in 
large  hexagonal  prisms,  which  have  the  composition  CaCljiGHgO. 
These  melt  at  30'2°,  and  deliquesce  rapidly  in  the  air,  form- 
ing a  thick  liquid,  to  which  the  name  of  oleum  calcis  was 
formerly  given.  The  crystals  dissolve  in  water,  producing  a 
considerable  diminution  of  temperature,  the  eutectic  temperature 
being  —  55°.  Heated  to  200°  this  hydrate  loses  four  molecules 
of  water,  and  a  white  porous  hygroscopic  mass  remains  behind. 
If  this  hydrate  is  heated  more  strongly,  the  anhydrous  salt  is 
obtained  which  is  largely  used  as  a  means  of  drying  gases  and 
organic  liquids.  This  last  melts  at  about  780°,  and  solidifies  on 
cooling  to  a  crystalline  mass,  which  has  a  specific  gravity  of  2'26 
and  is  also  used  as  a  desiccating  agent. 

When  a  solution  of  103 — 127  parts  of  calcium  chloride  in  100 
parts  of  water  is  cooled  to  18 — 38°,  a  hydrate  of  the  formula 
CaCl2,4H20  separates  out ;  it  exists  in  two  modifications,  the 
more  stable  compound  being  less  soluble  in  water  than  the 
other.  The  stable  modification  passes  into  the  dihydrate, 
CaCl2,2H20,  at  45'3°,  and  the  labile  modification  into  the  same 
hydrate  at  38'4° ;  at  175'5°  the  monohydrate  separates  from 
the  solution,  and  at  260°  this  is  replaced  by  the  anhydrous  salt.^ 

100  parts  of  water  dissolve 

at,      0°  10°         20°  40°  60°       80°        100°     170°     200°     260° 

59-5  650  74-5  115'3  136-8  147  159  255  311  347 

parts  of  CaClj  (Roozeboom).  Calcium  chloride  is  also  very 
readily  soluble  in  alcohol. 

A  solution  of  50  parts  of  the  anhydrous  salt  in  100  parts  of 
water  boils  at  112°,  one  containing  200  parts  boils  at  158°,  and 
one  containing  325  parts  boils  at  180°.  Such  solutions  are 
employed  as  baths  for  constant  temperatures  above  100°. 

Calcium  chloride  absorbs  dry  ammonia,  giving  rise  to  a 
voluminous  powder  having  the  composition  CaClj.SNH,, 
which,  on  exposure  to  the  air,  on  solution  in  water,  or  on 
heating,  loses  ammonia,  and  which  takes  fire  when  thrown  into 
chlorine  gas. 

If  calcium  chloride  solution  be  boiled  with  slaked  lime 
and  the  solution  filtered  hot,  a  basic  salt,  which  is  known  as 
calcium  oxychloride,  separates  out  on  cooling  in  long  white  needle- 
shaped  crystals,  having  the  composition  ClCa-O-Ca(OH),7H20. 
The     halogen     salts    of    calcium    form    compounds    of    the 

1  Roozeboom,  Zdt.  physihal.  Ohem.,  1889,  4,  31. 
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formula3  CaCl2,2ICl3,  and  Cal^,  analogous  to  the  polyhalogen 
derivatives  of  rubidium  and  cfEsium  ^  (pp.  370,  374). 

Calcium  Bromide,  CaBrj,  melting  at  765°,  and  Calcium  Iodide, 
Calj,  melting  at  740°,  are  salts  very  similar  in  their  properties 
to  calcium  chloride. 

Calcium  Stbbchloride. — When  the  spongy  calcium  obtained  by 
the  methods  of  Borchers  and  Stockem  is  melted  in  presence  of 
calcium  chloride,  the  molten  metal  is  found  to  be  surrounded 
by  a  mass  of  transparent,  red  pleochroitic  crystals.*^  These 
appear  to  consist  of  a  subchloride  of  calcium ;  they  have 
the  composition  CaCl,  and  react  with  water  with  formation 
of  calcium  chloride,  calcium  hydroxide,  and  hydrogen.  An 
analogous  suModide  was  observed  by  Moissan. 

The  pure  subchloride  is  prepared  by  heating  calcium  chloride 
with  an  equivalent  of  metallic  calcium  in  a  steel  cylinder  to 
900 — 1000°  for  four  hours.'^  The  subiodide  and  suhfluoride  have 
also  been  prepared. 

Chloride  of  Lime  or  Bleaching  Pmrder. — This  well-known 
bleaching  agent  and  disinfectant  is  obtained  as  a  dry  powder  by 
the  action  of  chlorine  on  slaked  lime. 

The  action  of  chlorine  on  milk  of  lime  is  analogous  to  its 
action  on  potash,  a  solution  of  calcium  hypochlorite  and  chloride 
being  obtained : 

2Ca(OH)2  +  2CI2  =  CaCl^  +  CaCOCl)^  +  2Hp, 

and  it  was  supposed  by  Balard  in  1834  that  the  solid  powder 
was  also  a  mixture  of  chloride  and  hypochlorite,  his  views  being 
for  some  time  generally  accepted.  It  was,  however,  pointed 
out  by  Fresenius  *  that  a  substance  containing  so  much  calcium 
chloride  must  be  far  more  hygroscopic  than  bleaching  powder 
is  found  to  be,  and  a  number  of  other  constitutional  formulae 
were  proposed,  the  most  important  being  those  of  Stahlschmidt  ^ 
and  Odling.*' 

According  to  Stahlschmidt's  supposition  the  action  of  chlorine 
on  slaked  lime  takes  place  in  the  following  manner : 

3Ca(OH)2  +  2C1,  =  2C10Ca-0H  +  CaCl.^  +  2Rf>. 

1  Weinlandand  Schlegelmiloh,  Zeit.  anorg.  Ghem.,  1902,  30,  134;  Meyer, 
ibid.,  1902,  30,  113. 
■'  Zeit.  Elektrochem.,  1902,  8,  757. 

3  Wohler  and  Rodewald,  Zeit.  anorg.  Chem.,  1909,  61,  54. 
*  Annalen,  1861,  118,  317.  .         ^    _„ 

■'  Dingl.  Polyt.  Journ.,  1876,  220,  243.  ^  Manual  of  Clienndry,  1,  56. 
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On  addition  of  water  the  calcium  chloride  dissolves  and  the 
basic  hypochlorite  decomposes  into  hypochlorite  and  free  lime. 

According  to  Odling's  formula  the  calcium  is  combined  with 
the  negative  radicals  of  both  hydrochloric  and  hypochlorous  acid, 
as  shown  by  the  formula  Cl.Ca.OCl.HgO,  and  this  compound  by 
the  action  of  water  is  resolved  into  calcium  chloride  and  hypo- 
chlorite : 

2Cl.Ca.0Cl  =  CaCl^  +  CaCOCl)^. 

The  subject  has  been  carefully  investigated  by  Lunge  in  con- 
junction with  Schaeppi  and  Naef/  and  the  results  of  their  in- 
vestigations have  shown  that  the  latter  view  is  probably  the 
more  correct  one.  By  careful  preparation  it  is  possible  to  obtain 
a  powder  containing  44  per  cent,  of  available  chlorine  (i.e., 
chlorine  which  is  evolved  when  an  acid  is  added),  whilst  accord- 
ing to  Stahlschmidt's  formula  the  maximum  quantity  of  avail- 
able chlorine  is  only  39  per  cent.  Further,  no  calcium  chloride 
can  be  extracted  from  bleaching  powder  by  means  of  alcohol, 
and  a  large  part  of  the  chlorine  may  be  expelled  by  the  action  of 
carbon  dioxide,  which  could  scarcely  be  the  case  if  it  contained 
calcium  chloride.  O'Shea^  has  also  shown  that  for  every 
molecule  of  CaO  two  atoms  of  chlorine  can  be  added,  and  that 
of  this  chlorine  half  is  available  for  the  formation  of  hypo- 
chlorous  acid,  which  further  confirms  Odling's  formula.  Dreyfuss  ^ 
has  raised  objections  to  this  formula,  but  his  conclusions  have 
been  shown  by  Lunge  and  Schoch  to  be  untenable.* 

All  bleaching  powder,  however,  yields  a  certain  amount  of 
calcium  hydroxide  when  it  is  treated  with  water,  and  the 
formation  of  this  is  not  accounted  for  by  Odling's  formula.  By 
some  investigators  this  lime  is  regarded  as  existing  free  in  the 
bleaching  powder,  having  been  protected  from  the  action  of  the 
chlorine  by  a  layer  of  the  chlorinated  compound.  According  to 
Ditz,^  this  is  not  the  case,  the  lime  forming  an  essential  part  of 
the  bleaching  compound.  He  considers  that  bleaching  powder 
is  formed  by  a  series  of  reactions,  the  first  of  which  is  repre- 
sented by  the  following  equation : 

(1)  2Ca(OH)2  +  Cla  =  CaO,Cl.Ca.OCl,H.p  +  Hf>. 

1  Dingl.  Polyt.  Journ.,  1880,  237,  63 ;  Annalen,  1883,  219,  129  ;  1884,  223, 
106. 

2  Journ.  Chem.  Soc. ,  1883,  43,  410. 

3  Bull.  Soc.  Mm.,  1885,  [2],  41,  600.  ■>  Ber.,  1887,  20,  1474. 

s  Chem.  Zeit.,  1898,  22,  i.,  7 ;  Zeit.  angew.  Chem.,  1901,  14,  3,  25,  49,  105  ; 
1902,  15,  749. 
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This  can  be  experimentally  realised  at  — 10°  to  — 15°,  and  the 
resulting  powder  loses  one  molecule  of  water  below  100°,  whilst 
the  compound  CaO,Cl.Ca.OCl,H20,  which  is  left  behind  at  this 
temperature,  decomposes  at  130 — 180°,  losing  one  atom  of 
oxygen  and  only  losing  the  second  molecule  of  water  at  a  red 
heat.  It  is  also  completely  decomposed  by  moist  carbon  dioxide, 
all  the  chlorine  being  liberated.  At  a  somewhat  higher 
temperature  the  action  of  chlorine  on  slaked  lime  containing 
not  more  than  ^  per  cent,  of  uncombined  water  produces  a 
greater  degree  of  chlorination,  and  this  represents  the  second 
stage  in  the  formation  of  bleaching  powder : 

(2)a.  2[CaO,Cl.Ca.OCl,H,0]  +  2H20  = 

2Ca(0H),  +  2[Cl.Ca.OCl,H20]. 
b.  2Ca(OH).2  +  CI,  =  CaO,Cl.Ca.OCl,H20  +  R,0. 

The  final  product  at  the  close  of  this  stage,  therefore,  has  the 
composition  CaO,Cl.Ca.OCl,H.p  +  2[Cl.Ca.OCl,H20]  +  Hp. 

This  process  may  theoretically  be  indefinitely  repeated,  but 
in  practice  it  is  limited  by  the  amount  of  uncombined  water 
present  in  the  slaked  lime,  and  does  not  proceed  beyond 
the  stage  at  which  the  product  has  the  composition 
CaO,Cl.Ca.O01,H2O  +  6[Cl.Ca.OCl,H,p]  +  H,O.  These  higher 
products  undergo  a  complicated  decomposition  when  they  are 
heated,  oxygen  and  chlorine  being  evolved,  and  chlorate  and 
chloride  formed.  They  are  also  decomposed  even  by  dry 
carbon  dioxide,  but  the  whole  of  the  chlorine  is  not  evolved. 

The  complex  pi.Ca.OCl,!!^  has  probably  a  greater  molecular 
weight  than  corresponds  with  the  simple  formula,  but  its 
constitution  has  not  yet  been  settled. 

Tiesenholt,'-  on  the  other  hand,  maintains  the  older  view  of 
Balard,  and  resfards  the  reaction  between  lime  and  chlorine  as 
reversible.  Other  views  are  held  by  some  investigators,  and 
the  whole  question  cannot  yet  be  regarded  as  definitely 
determined.^ 

The  Manufacture  of  Bleaching  Powder. 

255  History  of  the  Manufacture  of  Hypochlorites. — Chlorine  gas 
was  first  employed  for  bleaching  in  1 785  on  the  suggestion  of  Ber- 

1  /.  pr.  Chem.,  1901,  [2],  63,  30 ;  65,  512. 

■■^  Winteler,  Ztil.  anorij.  Chem.,  1902,  33,  161  ;  Zeit.  amjetv.  Ghem.,  1903, 
16,  32;  Tarugi,  Gazz.,  1904,  34,  ii.,  254;  Schwartz,  Zeit.  angew.  Chem., 
1906,  20,  138. 
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thollet,  and  the  first  hypochlorite  was  manufactured  for  bleach- 
ing purposes  in  1789,  at  Javel,  near  Paris,  where  chlorine  was 
absorbed  in  potash  liquor,  whence  the  name  "eau  de  Javel"  which 
is  still  used  for  potassium  hypochlorite  (see  p.  333).  These  pro- 
cesses were  introduced  into  England  in  1796  ;  in  1798  "bleach 
liquor  "  was  being  made  by  absorbing  chlorine  in  milk  of  lime, 
and  in  1799  Tennant,  of  Glasgow,  originated  the  absorption  in 
dA'y  hydrate  of  lime,  thus  making  for  the  first  time  "  bleaching 
powder,''  which  sold  at  £140  per  ton,  but  the  price  soon  fell  to 
£60.  The  chlorine  was  made  directly  from  a  mixture  of  salt, 
sulphuric  acid,  and  manganese  dioxide.  In  1825 — ■i.e.,immediately 
after  the  introduction  of  the  Leblanc  soda-process  into  the 
district — hydrochloric  acid  became  available  as  a  raw  material, 
and  the  price  was  reduced  to  £27.  Many  methods  were  pro- 
posed to  use  or  recover  the  manganese  contained  in  the  waste 
still  liquors,  but  they  proved  unsuccessful,  until  Weldon  by 
his  process  of  1866,  and  subsequent  improvements,  achieved 
such  success,  that  in  1870  the  price  of  bleaching  powder  fell 
to  £8  IDs.  The  present  price  (1913)  of  3.5%  bleaching  powder  is 
£5  7s.  %d.  The  combined  Leblanc- Weldon  process  grew 
rapidly,  attaining  in  1877  an  annual  output  of  nearly  100,000 
tons  in  the  United  Kingdom  alone.  Another  method  of 
generating  chlorine  utilised  in  making  bleaching  powder  was 
the  Deacon  process,  introduced  and  perfected  from  1868  to 
1876 ;  the  special  method  of  utilising  the  weak  chlorine  thus 
obtained  is  described  in  the  following  pages;  only  a  small 
portion  of  the  total  bleaching  powder  is,  however,  now  made 
by  Deacon's  process.  The  latest  source  of  chlorine  for  the 
manufacture  of  bleaching  powder  is  the  electrolysis  of  chloride 
solutions.  Hargreaves  and  Bird's  process,  started  in  1892  at 
Farnworth,  and  now  carried  on  in  works  erected  in  1900,  at 
Middlewich,  and  Castner's  process,  originating  in  Oldbury  in 
1891,  and  installed  in  1897  on  a  large  scale  in  Runcorn,  both 
electrolyse  sodium  chloride  (see  p.  313).  In  a  third  process, 
proposed  by  Mond  about  1898,  zinc  chloride  solution  is  electro- 
lysed (see  p.  310).  Abroad  other  processes  besides  the  above 
are  being  utilised,  and  potassium  chloride  is  electrolysed  in  a 
number  of  works.  In  1900  there  were  in  Europe  twenty-five 
electrolytic  alkali  works  producing  chlorine,  with  a  total  of 
40,000  horse-power,  and  in  the  United  States,  three  works  with 
5,200  horse-power ;  since  then  the  output  has  been  considerably 
increased. 
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Electrolytic  methods  have  also  recently  been  introduced  for 
manufacturing  hypochlorite  solutions,  and  though  such  processes 
as  yield  only  one  product,  namely,  the  hypochlorite  solution, 
cannot  compete  with  any  of  the  previously  mentioned  processes 
which  make  simultaneously  two  products,  yet  they  are  service- 
able to  paper-pulp  and  bleach  works  which  are  far  removed 
from  bleaching  powder  works.  The  first  suggestion  for  such  a 
process  was  due  to  Watt,  a  paper-maker,  in  1851,  but  it  was 
impracticable,  as  dynamo-electric  machines  were  not  then 
obtainable.  Lidoff  and  Tichomiroff  in  1882  introduced  a  pro- 
cess, and  exhibited  yarn  and  cloth  bleached  by  it.  Hermite 
in  1883  claimed  for  his  process,^  electrolysis  of  calcium  chloride 
or  magnesium  chloride  solutions,  special  advantages  over 
bleaching  with  bleaching  powder,  and  from  this  time  forward 
a  vast  number  of  processes  have  been  patented,  by  Kellner, 
Haas  and  Oettel,  Schoop,  and  Atkins,  all  of  whom  use  sodium 
chloride  solutions,  and  many  papers  have  been  published  on 
the  theory  of  the  process  (see  p.  254).^ 

In   1910,   about   6,660   horse-power  was    employed   in   the 
manufacture  of  liquid  bleach,  which  produced   about    13,120 ' 
kilos,  of  active  chlorine  per  day. 

Manufacture  of  Bleaching  Powder. — The  details  of  the  methods 
for  preparing  the  chlorine  required  in  the  manufacture  of 
bleaching  powder  are  described  under  the  head  of  chlorine 
(Vol.  I.,  p.  178).  For  this  purpose  the  chlorine  should  be  as 
free  as  possible  from  carbonic  acid,  originating  either  from 
calcium  carbonate  in  the  native  manganese,  or  in  Weldon  mud, 
or  from  the  furnaces  in  the  Deacon  process,  or  from  the  corrosion 
of  the  carbon  anodes,  where  such  are  used  in  electrolytic 
methods.  Further,  the  chlorine  must  be  particularly  free 
from  hydrochloric  acid  and  any  large  quantity  of  water  vapour, 
and  this  is  effected  by  passing  the  gas  through  a  long  range  of 
earthenware  pipes  cooled  by  exposure  to  the  air.  The  lime 
employed  requires  to  be  specially  free  from  clay,  magnesia,  iron, 
and  manganese  compounds,  the  last  two  of  which  discolour  and 
gradually  decompose  the  bleach,  both  when  dry  and  when 
dissolved. 

The  absorption  of  the  chlorine  is  effected  in  three  different 

1  J.  Soc.  Chem.  Ind.,  1885,  4,  673 ;  1887,  6,  170. 

^  Full  details  of  these  processes  are  given  in  Monographien  uher  angewandte 
Elehtrochemie,  Band  8 ;  Engelbardt,  Hypochlorite  mid  elektrische  Blekhe, 
1903,  Band  17  ;  Abel,  Hypochlorite  und  elektrische  Bleiche  (Theoretischer  Teil), 
1905,  Band  38 ;  Ebert  and  Nusabaum  {Praktish-angewandter  Teil),  1910. 
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kinds  of  apparatus,  (1)  large  roomy  chambers,  (2)  small 
chambers  filled  with  trays,  (3)  revolving  cylinders,  and  of 
these  the  first'  is  the  most  usual. 

Ordinary  Ghanibers. — Two  only  out  of  a  set  of  four  or  more 
are  shown  in  Fig.  122,  one  being  in  end  elevation  and  the  other 
in  section,  while  Fig.  124  shows  the  same  in  plan,  but  with  the 
middle  portions  cut  out,  as  the  total  length  is  80  to  100  feet. 
These  chambers  are  made  of  timber  framing,  supporting  sheet 
lead,  so  that  the  supports  are  all  outside  the  lead ;  the  floor  is 
covered  with  asphalt  or  with  earthenware  tiles. 

The  chlorine  is  brought  ft'om  the  still  (Figs.  121,  123)  to  the 
chambers  by  the  central  main,  and  can  be  directed  into  any 
chamber  by  removing  the  two  hydraulic  caps  closing  the  main 
and  the  chamber,  and  substituting  a  bent  pipe  dipping  into  the 
two  water  lutes.  The  displaced  air  escapes  from  the  lute  F  until 
the  smell  of  chlorine  is  observed,  when  the  bend  is  used  to 
connect  the  chamber,  as  shown  in  Fig.  124,  to  the  second  pipe 
main  adjacent,  by  which  the  gas  is  carried  to  any  other  chamber 
desired,  entering  at  the  lute  corresponding  to  F  and  leaving  by 
the  open  lute  G  until  the  chlorine  begins  to  escape  here  also, 
when  by  placing  a  bend  in  G  the  gas  may  be  directed  by  the 
main  adjacent  to  any  third  chamber  in  the  series,  where  the  last 
trace  of  chlorine  is  absorbed.  The  main  G  also  serves  as  an 
exhaust  pipe  for  drawing  off  the  last  remaining  quantities  of 
the  unabsorbed  chlorine  when  the  operation  is  complete.  The 
exterior  view,  Fig.  122,  shows  the  doors  and  bolts  and  the 
gallows  for  the  swinging  of  the  doors,  which  are  closed  gas- 
tight  by  a  paste  of  tar  and  china  clay,  or  of  lime  and  water. 

The  chambers  described  rest  upon  the  ground.  Much  labour 
and  inconvenience  is  avoided  by  building  the  chamber  on 
pillars  and  having  a  number  of  hopper  holes  in  the  floor, 
closed  while  the  bleaching  powder  is  being  made,  with  lids 
which  are  covered  with  lime,  to  prevent  leakage  of  chlorine. 
When  the  powder  is  ready  to  pack,  the  lids  are  lifted,  the 
powder  shovelled  down  the  hoppers  and  through  a  sacking  or 
rubber  sleeve  which  connects  the  hopper  to  the  head  of  the 
cask.  In  these  chambers  the  absorption  of  chlorine  occupies 
about  six  days.  After  the  lime  has  been  placed  upon  the  floor 
of  the  chamber  to  the  thickness  of  about  four  inches,  it  is  deeply 
furrowed  like  a  ploughed  field  by  a  special  rake,  and  the 
chlorine  is  turned  on  until  the  chamber  is  full,  as  seen  by  means 
of  windows  placed  at  each  end,  the  air  and  any  surplus  chlorine 
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escaping  from  the  chamber  and  passing  by  the  circulating  pipes 
into  the  next  or  some  other  chamber  where  there  is  iKiore  fresh 
lime.  When  the  first  chamber  has  been  filled  with  chlorine  it 
is  allowed  to  stand  for  about  two  days,  during  which  time  the 
gas  is  completely  or  nearly  completely  absorbed,  and  the  lime  is 
then  found  to  contain  on  an  average  from  25  to  30  per  cent,  of 
available  chlorine.  Any  unabsorbed  gas  is  then  drawn  off  by 
means  of  the  exit  pipe  (g),  the  doors  are  opened,  and  workmen 
enter  and  turn  the  material,  as  the  bottom  layers  are  still  very 
weak  in  chlorine ;  the  doors  are  then  closed  and  more  chlorine 
is  admitted,  the  quantity  being  sufficient  to  raise  the  amount 
of  chlorine,  after  absorption  for  a  second  period  of  two  days,  to 
from  35  to  37  per  cent.  The  unabsorbed  chlorine  is  drawn  off 
as  before,  and  the  powder  packed  and  sent  to  market. 

Much  trouble  has  been  experienced  in  removing  the  residual 
chlorine  from  the  finished  chambers,  and  fatal  results  have 
followed  the  premature  opening  of  the  doors,  so  that  in  1886  a 
penalty  was  imposed  for  opening  the  doors  before  the  chlorine 
contents  of  the  chamber  had  been  reduced  to  less  than  two  and 
a  half  grains  per  cubic  foot.  In  the  same  year  Brock  and  Minton 
introduced  their  lime  sjjrinkler,  a  portable  machine  in  which  a 
stream  of  lime  dust  is  allowed  to  fall  on  to  a  rapidly  revolving 
paddle  with  a  vertical  shaft,  so  that  the  dust  is  scattered  in  a 
cloud  and  the  gases  are  also  put  in  motion  and  help  to  carry 
the  lime  dust  to  a  considerable  distance.  Every  30  feet  in  the 
length  of  the  chamber  a  large  luted  cap  is  provided,  and  these 
are  lifted  in  turn,  the  sprinkler  inserted,  and  one  or  more 
hundredweight  of  lime  sprinkled  in,  when  the  absorption  of 
the  chlorine  is  almost  instantaneous  and  so  complete  that 
the  residual  chlorine  need  not  exceed  one  grain  per  cubic 
foot. 

A  different  form  of  bleaching  powder  chamber  was  de- 
vised by  Deacon  for  use  with  the  specially  weak  chlorine 
made  by  his  process.  The  principles  of  this  process  have 
already  been  referred  to  (Vol.  I.,  p.  178).  These  chambers  are 
shown  in  elevation  and  section  in  Figs.  125  and  126.  The  gas, 
containing  only  6  to  7  per  cent,  chlorine,  passes  in  through  the 
tube  (a),  being  drawn  over  the  lime  by  means  of  exhausters. 
Each  block,  of  which  less  than  one  half  is  shown  in  Fig.  125,  is 
divided  by  vertical  walls  into  fourteen  sections;  each  section 
contains  sixteen  slate  shelves  20  feet  long  by  4  feet  wide,  with 
a  gap  in  the  middle  covered  by  a  small  loose  piece,  and  the  lime 
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is  spread  on  these  shelves  to  the  depth  of  about  five-eighths  of  an 
inch.  Part  of  the  elevation  shovsrs  the  doors,  which  form  the  sides 
of  the  chamber,  in  position;  the  other  part  shows  the  arrange- 
ment of  the  shelves  seen  when  the  doors  are  down.  The  end 
section  (Fig.  126)  shows  the  mode  in  which  the  shelves  are 
arranged  and  the  way  in  which  the  chlorine  is  divided  into 
streams  during  its  passage  downwards  over  the  lime.  The  gas 
then  passes  upwards  over  a  similar  set  of  shelves,  and  thence 
by  the  gas  mains  into  the  next  chamber.  When  the  lime  in 
one  chamber  has  come  up  to  strength,  the  small  plates  on  each 
shelf  are  removed,  and  the  bleaching  powder  is  pushed  into  a 
barrel  placed  on  a  tramcar  beneath,  and  in  this  way  the  product 
is  easily  packed. 

During  recent  years  several  forms  of  continuous  mechanical 
apparatus  have  been  successfully  adopted,  in  which  the  slaked 
lime  is  transported  in  a  continuous  stream  by  single  or  double 
conveyors  in  an  opposite  direction  to  the  stream  of  chlorine,  the 
finished  bleaching  powder  being  delivered  direct  into  casks,  thus 
avoiding  the  disagreeable  task  of  hand  packing.^ 

A  complete  analysis  by  Pattinson  of  good  commercial  chloride 
of  lime  giving  36'00  per  cent,  available  chlorine  shows  the 
constituents  to  be  : — 

Odling's  calcium  chloro-hypochlorite,  Ca-^  ^p, +H2O  .      73-65 

Ditto,   but   decomposed    into    the    chlorate    mixture 

5CaCl2-l-Ca(C103)2 0-67 

Calcium  hydroxide,  Ca(0B[)2 20-17  .    .    \  go.rr 

Impurities  from  all  the  slaked  lime  employed,  2-38  .    .    J 
Moisture  originally  present  as  such  in  the  slaked  lime 

or  in  the  chlorine  employed 3-13 


100-00 


By  the  Griesheim-Elektron  process  a  product  containing 
80-90  per  cent,  of  active  chlorine  is  produced.  Milk  of  lime  is 
saturated  with  chlorine,  filtered  and  the  solution  rapidly 
evaporated  in  vacuum.  The  calcium  hypochlorite  crystallises 
out  and  on  drying  in  vacuum  a  stable  salt  is  obtained.^ 

Properties  of  Bleaching  Powder. — Commercial  bleaching 
powder  contains  on  an  average  35 — 37  per  cent,  of  available 

1  Mond,  Nature,  1896,  54,  477.  '  German  Patent,  188.524,  1906. 
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chlorine,  and  forms  a  white  powder,  which  absorbs  moisture  and 
carbon  dioxide  on  exposure  to  the  air.  When  kept,  it  undergoes 
a  very  slow  and  steady  decomposition,  for  reasons  which  are  at 
present  undetermined ;  in  closed  bottles  this  decomposition  is 
sometimes  such  as  to  burst  the  bottle  by  the  gases  evolved. 
When  added  to  water  it  is  apt  to  clot  together  into  lumps,  but 
by  agitation  it  forms  a  creamy  liquid  which  deposits  a  large 
amount  of  insoluble  slaked  lime,  &c.,  whilst  the  clear  solution 
contains  calcium  chloride,  hypochlorite,  chlorate,  and  some 
hydroxide. 

When  a  slight  excess  of  acid  is  added  to  a  solution  of  bleach- 
ing powder,  the  whole  of  the  chlorine  is  evolved  in  the  free 
state,  the  hydrochloric  acid  and  hypochlorous  acid  first  formed 
acting  on  one  another  in  the  manner  already  described  (Vol.  T., 
p.  350) : 

CaCla  +  Ca(0Cl)2  +  211^80^  =  2CaS0,  +  2HC1  +  2HC10, 
2HC1  +  2HC10  =  2CI2+  2H2O. 

BleacMng  Processes.— Bleaching  powder  is  largely  employed  in 
the  bleaching  of  cotton,  linen,  and  paper  pulp.  The  methods 
employed  are  often  exceedingly  complex,  varying  not  only  with 
the  nature  of  the  material  to  be  bleached,  but  also  with  the  use 
to  which  the  bleached  goods  are  afterwards  to  be  put,  but  in  all 
cases  the  main  impurities  in  the  fibre  are  removed  not  by  hypo- 
chlorite, but  by  treatment  with  an  alkali.  Thus  by  hot  alkali 
solutions — ■!.«.,  sodium  carbonate  or  calcium  hydroxide,  but  best  of 
all  caustic  soda— various  waxy,  fatty,  resinous,  gummy,  mucila- 
ginous and  colouring  matters  are  extracted,  and  the  fibre  is  there- 
by greatly  lightened  in  colour,  the  loss  in  weight  being  about  8 
per  cent,  in  the  case  of  cotton,  25  per  cent,  in  that  of  flax,  and  50 
per  cent,  in  that  of  esparto  grass.  The  fibre  is  then  treated  with 
hypochlorite  solution,  which  is  rapidly  converted  into  the  chloride 
by  acting  upon  certain  of  the  residual  organic  impurities  :  this 
action  is  so  energetic  that  if  not  properly  controlled  it  may 
oxidise  the  cellulose  itself,  rendering  the  fibre  brittle  and  useless. 
Strong  solutions  of  bleaching  powder  are  therefore  never  em- 
ployed, and  often  very  weak  ones  are  used,  containing  as  little  as 
0-1  per  cent,  of  available  chlorine.  Such  a  solution  may  be  allowed 
to  act  for  a  few  hours,  when  the  final  whitening  is  frequently 
obtained  by  transferring  the  goods  to  a  very  dilute  acid  bath 
to  remove  basic  colouring  matters,  and  as  chlorine  is  liberated 
from  the  residual  hypochlorite  in  the  fibre,  the  process  is  known 
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by  the  workmen  as  a  "  stinking  sour."  To  obtain  brilliant 
whites  it  is  often  necessary  to  repeat  the  operations  several 
times,  and  this  is  particularly  necessary  in  the  case  of  linen. 

The  amount  of  available  chlorine  in  bleaching  powder  is 
usually  ascertained  by  adding  to  a  solution  of  a  known 
quantity  a  standard  solution  of  sodium  arsenite  until  the  liquid 
no  longer  turns  iodised  starch  paper  blue,  the  arsenite  being 
thus  oxidised  to  arsenate.  Precautions  must,  of  course,  be  taken 
to  obtain  a  fair  average  sample  for  analysis ;  for  this  purpose 
many  samples  must  be  taken  from  various  places  and  packages, 
taking  care  to  obtain  due  proportions  of  fine  powder  and  of 
lump,  and  these  mvxst  be  mixed  without  undue  exposure  to  the 
air. 

Calcium  Chlorate,  Ca(C103)2,  is  formed  by  leading  chlorine  into 
hot  milk  of  lime,  but  cannot  be  obtained  pure  in  this  manner. 
The  pure  salt  is  obtained  by  neutralising  calcium  carbonate 
with  chloric  acid,  and  crystallises  with  2H2O  in  rhombic  prisms 
which  deliquesce  in  moist  air  ;  100  parts  of  water  at  18°  dissolve 
177-8  parts  of  CaCClOg)^. 

Calcium  and  Sdlphur. 

256  Calcium  Monosulphide,  CaS,  is  obtained  by  heating  the 
sulphate  with  powdered  coal,  or  by  leading  sulphuretted 
hydrogen  or  a  mixture  of  carbon  dioxide  and  the  vapour  of 
carbon  disulphide  over  incandescent  lime  (Schone).  It  forms  a 
yellowish-white  mass  insoluble  in  water,  which  in  moist  air 
smells  of  sulphuretted  hydrogen.  When  prepared  in  the  electric 
furnace  it  is  formed  in  cubes  which  have  the  sp.  gr.  2"4 — 2'5.^ 

Calcium  monosulphide  is  luminous  in  the  dark  after  it  has 
been  exposed  to  light.  This  fact  was  noticed  in  the  year  1750 
by  Marggraf,  who  obtained  the  sulphide  by  calcining  gypsum 
with  combustible  matter.  In  1768  Canton  described  a  method 
of  producing  the  same  effect  by  igniting  calcined  oyster-shells 
with  sulphur  ;  hence  this  substance  was  long  known  under  the 
name  of  Canton's  phosphorus.  It  is  probable  that  the  pure 
sulphide  is  not  itself  phosphorescent,  but  is  rendered  so  by  the 
presence  of  traces  of  other  substances.  Thus  the  addition  of 
traces  of  bismuth  and  sodium  compounds  renders  the  pure  sul- 
phide strongly  phosphorescent,  but  not  the  addition  of  bismuth 
compounds  alone.^ 

1  Miiller,  Centr.  Min.,  1900,  178. 

°  de  Visser,  Rec.  tna:  chim-,  1901,  20,  435  ;  190.3,  22,  133. 
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Calcium  sulphide  is  the  chief  constituent  of  alkali-makers' 
waste  (p.  301). 

Calcium  Ri/drosulphide,  Ca(SH)2,  is  best  obtained  by  passing 
sulphuretted  hydrogen  into  a  cream  of  precipitated  calcium 
hydroxide  and  rather  less  than  four  parts  of  water :  it  crystal- 
lises with  GHjO  in  colourless  prisms,  which  readily  melfc  in 
their  water  of  crystallisation.'^  It  decomposes  when  warmed  in 
a  stream  of  sulphuretted  hydrogen,  yielding  calcium  sulphide, 
and  is  also  decomposed  by  carbon  dioxide  with  evolution  of 
sulphuretted  hydrogen  and  formation  of  calcium  carbonate.  It 
is  sometimes  used  as  a  depilatory  in  tan  works. 

Calcium  1  lydroxyhydrosulphide,  Ca(SH)OH,  is  obtained  by 
the  action  of  a  small  quantity  of  water  or  of  calcium  hydroxide 
on  the  hydrosulphide,^  and  by  the  union  of  water  and  calcium 
sulphide,  and  forms  crusts  of  small,  colourless,  four-sided  needles  ; 
it  readily  dissolves  in  water,  but  the  solution  decomposes  rapidly 
into  calcium  hydroxide  and  calcium  hydrosulphide,  the  former 
separating  out  as  a  white  precipitate.  It  combines  with  carbon  di- 
sulphide,  forming  the  basic  thiocarbonates,  Ca(OH)2,2CaCS3,7H20 
and  2Ca(OH)2,CaCS3,10H3O,  and  it  appears  not  unlikely  that 
this  substance  takes  part  in  the  removal  of  carbon  disulphide 
from  coal  gas  in  the  lime  purifiers  (Vol.  I.,  p.  873). 

Several  other  hydroxyhydrosulphides  have  been  prepared, 
some  of  which  crystallise  well,  but  their  constitution  is  at  present 
doubtful.  All  these  hydrosulphides  are  oxidised  by  moist  air 
with  formation  of  calcium  sulphite,  thiosulphate,  or  sulphate, 
and  usually  with  separation  of  free  sulphur. 

Calcium  Disulphide,  CaSg,  is  obtained  in  the  form  of  yellow 
crystals,  containing  3H2O,  when  milk  of  lime  is  boiled  with 
excess  of  sulphur  and  the  filtered  solution  allowed  to  cool. 

Calcium  Pentastolphide,  CaSj,  is  obtained  by  boiling  calciTim 
sulphide  or  hydroxide  with  excess  of  sulphur  for  a  long  time, 
and  forms  a  reddish-yellow  mass,  which,  if  treated  with  sulphur- 
etted hydrogen  in  solution,  undergoes  the  reverse  reaction, 
and  is  converted  into  calcium  hydrosulphide  and  sulphur. 

Calcium  Sulphite,  CaSOg,  is  obtained  by  mixing  a  solution  of 
a  calcium  salt  with  that  of  a  normal  sulphite.  It  forms  a  white 
powder  which  is  only  soluble  to  the  extent  of  0043  gram  in  a 
litre  of  water  at  18°.^     It  is  easily  soluble  in  sulphurous  acid, 

1  Divers  and  Shimidzu,  Journ.  Chem.  Soc,  1884,  45,  270. 

2  Divers  and  Shimidzu,  loc.  cit. 

■i  Weisberg,  Bull.  Soc.  chim.,  1896,  [3],  15,  1247. 
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and  if  this  solution  be  allowed  to  stand  exposed  to  the  air, 
six-sided  needles  separate  out  which  have  the  composition 
CaS03,2H20.  A  solution  of  this  salt  in  aqueous  sulphurous 
acid,  which  probably  contains  calcmm  hisulphitc,  Ca(HS03)2,  is 
naet  with  in  commerce,  under  the  name  of  bisulphite  of  lime. 
It  is  obtained  by  passing  sulphur  dioxide  into  milk  of  lime, 
and  is  used  by  brewers  as  a  mild  antiseptic,  and  for  cleansing  and 
sterilising  casks,  &c.  It  is  also  used  in  the  manufacture  of 
wood  pulp  and  the  purification  of  sugar. 

When  a  nearly  neutral  solution  of  calcium  bisulphite  is 
electrolysed,  calcium  hyposulphite,  CaS^O^,  crystallises  out  at 
the  cathode  in  sdky  needles,  a  yield  of  30 — 40  per  cent,  of 
the  theoretical  amount  being   obtained.^     This   salt  is   easily 


Fig.  127. 


Fig.  128. 


Fig.  129. 


oxidised  in  the  air,  and  has  been  proposed  as  a  decoloriser 
and  antiseptic  for  solutions  of  cane  sugar. 

Calcium  Sulphate,  CaS04,  occurs  in  nature  in  the  anhydrous 
state  in  the  mineral  anhydrite  which  is  often  found  in  lime- 
stone rocks,  or  together  with  deposits  of  common  salt.  More 
generally,  however,  the  substance  occurs  as  gypsum,  CaS04,2H20, 
found  frequently  in  large  monoclinic  crystals  and  known 
as  selenite.  The  crystalline  form  of  selenite  is  shown  in 
Figs.  127,  128.  The  crystals  are  frequently  twinned,  and 
then  exhibit  the  peculiar  form  shown  in  Fig.  129.  It  also 
occurs  as  fibrous  gypsum  or  satin-spar,  and  as  crystalline  gypsum 
or  alabaster,  and  has  the  specific  sp.  gr.  2'32. 

This  substance  was  known  from  early  times  as  a  mineral 
closely  resembling  calc-spar,  because,  like  the  latter,  it  became 
brittle     on     burning.       In    1746    Pott    described   these    two 


'  Elbs  and  Becker,  Zeil.  Elehtrochem., 
(■hem.,  1904,  10,  4.50. 


1904,  10,  361  ;  Frank,  Zeit.  EMtro- 
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substances  as  being  different  earths,  and  stated  that  some 
chemists  assumed  that  the  substance  artificially  produced  by  the 
imion  of  sulphuric  acid  with  lime  was  gypsum,  and  termed  it 
gypsinn  artef actum;  in  1750  Marggraf  showed  that  these  two 
substances  were  identical. 

Calcium  sulphate  also  forms  a  hemihydrate,  2CaSO^,H20, 
first  observed  by  Johnston  ^  as  a  crystalline  deposit  in  a  boiler 
working  at  two  atmospheres  pressure.  It  is  formed  when  gypsum 
is  heated  to  120 — 130°,  and  can  be  prepared  pure  by  heating  20 
grams  of  precipitated  gypsum  on  the  water-bath  for  one  hour 
with  50  c.c.  of  nitric  acid  of  sp.  gr.  1'4,  draining  and  drying.  It 
has  the  sp.  gr.  2"75. 

The  anhydrous  sulphate  itself  occurs  in  at  least  two  modifi- 
cations. Natural  anhydrite  is  almost  insoluble  in  water  and 
the  same  form  can  be  obtained  by  heating  gypsum  strongly. 
The  second  modification,  which  is  known  as  soluble  anhydrite, 
is  obtained  by  completely  dehydrating  gypsum  at  60 — 90°  in 
a  vacuum  over  phosphoric  oxide,  and  sets  with  water  even  more 
rapidly  than  the  hemihydrate.  The  relations  between  these 
forms,  and  the  temperatures  of  transition  of  one  into  the  other 
are  extremely  difficult  to  determine,  on  account  of  the  slow  rate 
at  which  the  various  changes  occur,  and  our  knowledge  of  them 
is  mainly  due  the  elaborate  investigations  of  van't  Hoff.'^ 

The  transition  temperatures  between  gypsum  and  the  other 
varieties  are  as  follows,  the  vapour  pressure  of  the  system  at 
the  temperature  of  transition  being  also  given : 

Temp.  Vapour  pressure. 

(1)  Gypsum — Natural  anhydrite  .        ,    63-5°         175  mm. 

(2)  Gypsum — Soluble  anhydrite  ,    .    .      93°         588     „ 

(3)  Gypsum— Hemihydrate 107°         971     „ 

These  temperatures  are  considerably  lowered  by  the  presence 
of  salts  such  as  sodium  chloride,  magnesium  chloride,  &c. 

The  solubilities  of  all  these  modifications  and  hydrates  are 
also  different,  soluble  anhydrite  and  the  hemihydrate  being  the 
most  soluble  and  the  natural  anhydrite  the  least  soluble.  The 
solubility  of  natural  gypsum  according  to  Hulett  and  Allen  ^  is 

1  Phil.  Mag.,  1838,  13,  325. 

2  van't  HofiF,  Armstrong,  Hinrichsen,  Weigert,  and  Just,  Zeit.  phyaikal. 
Chem.,  1903,45,  257;  see  also  Cameron,  J.  Physical  Chem.,  1901,  5,  556; 
Moye,  Chem.  Zeit.,  1906,  30,  544 ;  Cameron  and  Bell,  J.  Amer.  Chem.  Soc, 
1906,  28,  1220. 

■  /.  Amer.  Chem.  Soc,  1902,  24,  667. 
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as  follows,  in  grams  of  CaSO^  per  100  c.c.  of  solution,  a  maxi- 
mum of  solubility  occuring  at  40° ;  the  solubility,  however,  is 
greatly  affected  by  the  size  of  the  particles  which  are  in 
contact  with  the  solution  : 

Temp.  0°  10"  25°  35°  40° 

0-1759        0-1929        0-208  0-2096        02097 

45°  65-3°  75°  100° 

0-2084  0-1932  0-1848  0162 

According  to  Marignac  the  solubility  of  the  hemihydrate  at 
25°  is  about  one  part  in  100  of  water. 

In  presence  of  many  other  salts  calcium  sulphate  dissolves 
more  freely,  probably  in  some  cases  owing  to  the  formation  of 
double  salts.  Thus  according  to  Anton  1  part  of  gypsum  dis- 
solves in  122  parts  of  a  saturated  solution  of  sodium  chloride.^ 
Gypsum  is  tolerably  soluble  in  boiling  hydrochloric  acid  and 
in  nitric  acid,  and  separates  out  from  the  acid  solution  on  cool- 
ing in  glittering  silky  needles.  When  heated  with  sulphuric 
acid  to  100°  it  is  changed  into  a  porous  mass,  of  which  a  part 
dissolves  and  separates  out  again  on  cooling.  This  consists  of 
microscopic  prisms,  which  have  the  composition  CaSO4,H2S04 ; 
it  is  decomposed  by  water  into  its  two  constituents.  Gypsum 
dissolves  very  readily  in  a  solution  of  sodium  thiosulphate. 

When  gypsum  is  heated  at  about  120 — 130°,  it  loses  water 
and  is  converted  into  burnt  gypsum  or  plaster  of  Paris.  This 
well-known  substance  when  mixed  with  water  combines  with  it, 
evolving  heat,  and  subsequently  solidifies,  taking  the  form  of  the 
vessel  in  which  it  is  contained.  It  is  therefore  largely  used  for 
ornamental  plaster  work,  for  makingplastor  casts,  and  as  a  cement. 
It  was  formerly  supposed  that  the  plaster  consisted  of  anhydrous 
calcium  sulphate,  and  that  the  setting  was  brought  about  by 
the  direct  combination  of  this  with  two  molecules  of  water, 
re-forming  gypsum,  but  the  researches  of  Le  Chatelier  ^  have 
shown  that  the  properly  burnt  plaster  still  contains  about  7 — 8 
per  cent,  of  water,  and  consists  of  the  hemihydrate  2CaS04,H20. 
When  this  is  mixed  with  water,  part  of  the  hydrate,  which  is 
much  more  soluble  than  either  the  anhydrous  salt  or  the  hydrate 
with  two  molecules  of  water,  dissolves  in  the  water  to  form  a 

'  See  also  Cameron  and  Brown,  /.  Physical  Chem.,  1905,  9,  210  ;  Sullivan, 
/.  Amer.  Chem.  Soc,  1905,  27,  529  ;  Bell  and  Taber,  J.  Physical  Chem.,  1906, 
10,  119. 

-  Ann.  des  Mines,  1887,  345. 
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saturated  solution.  This  solution,  however,  is  supersaturated 
with  respect  to  the  hydrate  CaS04,2H20,  and  some  of  the  dis- 
solved salt  crystallises  out  in  this  form,  thus  allowing  the  water 
to  dissolve  more  of  the  hemihydrate  ;  the  same  process  is  then 
repeated  until  the  whole  of  the  hemihydrate  is  converted  into 
gypsum.  The  latter  separates  in  long  thin  prisms  which  inter- 
lace to  form  the  solid  cake  which  remains.  According  to 
Rohland,  however,  the  hardened  mass,  after  setting,  must  be 
regarded  as  a  solid  solution  of  the  calcium  sulphate  in  water.'- 

If  the  gypsum  be  heated  too  strongly  in  the  burning  it  only 
takes  up  water  very  slowly  and  is  said  to  be  dead-burnt ;  this 
is  due  to  the  whole  of  the  water  having  been  driven  off,  leaving 
the  anhydrous  calcium  sulphate.  Such  plaster  when  exposed 
to  moist  air  gradually  takes  up  6 — 7  per  cent,  of  water,  and  if 
then  mixed  with  water  it  sets  slowly,  but  with  a  normal  hardness. 

Another  form  of  the  anhydrous  sulphate  is  made  by  heating 
gypsum  above  the  temperature  of  decomposition  of  the  hemi- 
hydrate, but  below  that  of  the  "  dead-burnt "  sulphate.  This  is 
known  as  hydraulic  or  Estrich  gypsum,  and  when  mixed  with 
water  only  hardens  after  an  interval  of  days  or  weeks.  It 
occurs  in  pseudomorphs  after  the  hemihydrate,  and  appears  to 
be  intermediate  in  properties  between  the  soluble  and  insoluble 
or  "  dead-burnt  "  anhydrite  (van't  Hoff).^ 

An  artificial  calcium  sulphate  is  now  prepared  by  precipitat- 
ing a  solution  of  calcium  chloride  with  dilute  sulphuric  acid,  and 
is  sold  under  the  name  of  pearl  hardening  or  annaline.  It  is  used 
by  paper-makers  as  a  filling  for  writing  paper.  In  addition  to 
its  employment  for  plaster  work  and  casts,  gypsum  is  also  used 
as  a  manure. 

Calcmm  Potassium  Sulphate,  C&^O^^^^O^iRf). — This  com- 
pound is  formed  when  the  solutions  of  the  two  salts  are  mixed 
together  (H.  Rose),  and  occurs  as  the  mineral  syngenite. 
When  an  intimate  mixture  of  equal  weights  of  the  anhydrous 
salts  is  stirred  up  with  less  than  its  weight  of  water,  the 
mass  becomes  suddenly  so  solid  that  it  cannot  be  poured  out  of 
tlie  vessel.  If  four  to  five  parts  of  water  are  employed,  the 
solidification  takes  place  somewhat  more  slowly  but  still  more 
rapidly  than  in  the  case  of  gypsum  alone.  Casts  made  of  this 
mixture  possess  a  polished  surface,  and  are  in  this  respect 
superior  to  those  made  of  gypsum. 

'  Zeil.  anorff.  Chem.,  1904,  40,  182. 

■^  Compare  Rohland,  ^eif.  aiior;/.  Chem.,  1903,  35,  194  ;  36,  332. 
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Double  salts,  K2SO„2CaSO„3H20  and  K^SO^SCaSO^.HgO, 
are  also  known.'^ 

Calcium  Sodium  S^d'phate,  CaSO^.Na.jSO^,  occurs  in  nature 
as  the  mineral  glauberite.  Sodium  sulphate  does  not  act  upon 
plaster  of  Paris  as  potassium  sulphate  does.  If,  however,  a 
mixture  of  one  part  of  precipitated  calcium  sulphate  and  fifty 
parts  of  Glauber's  salt  be  heated  to  80°  with  twenty-five  parts  of 
water,  a  mass  of  needle-shaped  crystals  is  obtained,  which  have 
the  formula  CaS04,2Na2S04,2H20,  and  these  when  further 
heated  are  transformed  into  small  crystals  of  glauberite 
(Fritzsche). 

Calcium  TMosulpJiate,  CaSjOg.GHgO,  is  prepared  by  heating 
calcium  sulphite  with  sulphur  in  water.  It  forms  six-sided 
triclinic  prisms,  soluble  in  their  own  weight  of  cold  water. 
When  the  solution  is  heated  to  60°  the  salt  is  decomposed  with 
separation  of  sulphur.  This  salt  is  used  in  the  production  of 
antimony  cinnabar,  SbgOSg. 

Calcium  and  the  Elements  of  the  Nitrogen  Group 
AND  Boron. 

257  Calcium  Nitride,  CagNj. — Calcium  at  a  dull  red  heat  com- 
bines vigorously  with  nitrogen,  forming  this  compound,  the  metal 
becoming  incandescent.  The  preparation  is  best  effected  in  a 
nickel  tube,  the  calcium  being  placed  in  a  nickel  boat  or  dish. 
The  nitride  forms  brownish -yellow  microscopic  crystals,  and  has 
the  sp.  gr.  2-63  at  17°.  It  is  decomposed  by  steam,  forming 
ammonia  and  calcium  hydroxide,  and  hence  this  compound 
supplies  a  means  of  converting  atmospheric  nitrogen  into 
ammonia.  It  burns  when  heated  in  oxygen,  and  is  readily 
reduced  by  hydrogen  and  attacked  by  the  halogens,  sulphur,  and 
phosphorus.2  The  formation  of  this  compound  is  utilised  for 
the  isolation  of  argon  from  the  air  (Vol.  I.,  p.  929). 

Calcium  Nitrate,  CaCNOg)^.— The  alchemist  Baldewein,  or 
Balduinus,  first  prepared  this  compound  whilst  searching  for  a 
method  of  absorbing  the  "  Spiritus  mundi."  He  dissolved  chalk 
in  nitric  acid,  and  observing  that  the  solid  product  became 
rapidly  moist  on  exposure  to  air,  concluded  that  this  substance 
would  prove  to  be  of  great  power.  In  the  year  1674  he  noticed 
that  the  solid  residue  after  being  heated  and  then  exposed  to 

1  van't  Hoff,  Sitzungsher.  K.  Akad.  Wiss.  Berlin,  1904,  93.5;  1905,  .30,1. 

2  Mois.san,  Gompt.  rend.,  1898.  127,  497, 


CALCIUM  PHOSPHATES  55V 

sunshine  appeared  luminous  in  the  dark,  and  from  this  time  the 
compound  prepared  as  above  was  termed  Baldwin's  phosphorus. 
Calcium  nitrate  forms  monoclinic  crystals  containing  4H2O,  is 
very  deliquescent,  and  dissolves  readily  in  alcohol  as  well  as 
in  water.  The  anhydrous  salt  is  a  white  porous  mass,  and  is 
often  found  as  an  efflorescence  on  the  walls  of  stables  and  other 
places  through  which  urine  and  other  organic  liquids  percolate. 
The  name  limo-saltpetre,  or  wall-saltpetre,  has  been  given  to 
this  salt,  which  was  formerly  universally  employed  for  the 
artificial  preparation  of  nitre. 

An  amount  of  this  salt  corresponding  with  17,400  kilos,  of 
nitric  acid  is  now  (1912j  made  daily  in  Norway  by  an  electrical 
process  from  the  nitrogen  of  the  air.^  In  the  form  of  a  basic 
salt  with  lime  it  acts  as  an  excellent  fertiliser. 

Calcium  Phosphide. — An  impure  phosphide  is  prepared  by 
heating  lime  to  a  moderate  red  heat  in  a  Hessian  crucible, 
through  the  lid  of  which  passes  a  piece  of  gas  pipe  reaching  to 
the  bottom,  and  sufficiently  wide  to  allow  of  the  passage  of 
sticks  of  phosphorus,  which  are  added  in  pieces  weighing  about 
15  grams.^  It  forms  a  very  hard,  dark  mass  which  is  decomposed 
by  water  with  formation  of  liquid  hydrogen  phosphide,  PaH^, 
and  is  employed  for  the  preparation  of  this  substance  (Vol  I., 
p.  636).  A  crystalline  phosphide,  Cb.^^,  corresponding  in 
composition  with  the  nitride,  is  formed  when  calcium  phosphate 
is  reduced  by  lampblack  in  the  electric  furnace,  and  the 
amorphous  compound  is  formed  when  phosphorus  vapour  is 
passed  over  heated  calcium.  It  yields  pure  phosphine  with 
water,  and  burns  in  oxygen  at  300°.^ 

Phosphates  of  Calciiim. — The  phosphates  of  calcium  are  all 
decomposed  by  water,  the  solid  residue  in  contact  with  the 
solution  being  an  equilibrium  mixture,  the  composition  of 
which  depends  on  the  concentration  of  phosphoric  acid  and 
calcium  in  the  solution.  Thus  at  25°,  the  monocalcium  and 
dicalcium  salts  can  exist  together  in  equilibrium  with  a  solution 
containing  77  grams  of  CaO  and  317  grams  of  PjOg  per  litre. 
With  a  greater  proportion  of  acid  the  monocalcium  salt  alone  is 
stable,  with  a  lower  proportion,  the  dicalcium  salt.  When  the 
concentration    of    acid   is   still   further   diminished   the   solid 

1  Witt,  Die  Chemische  Industrie,  1905,  28,  609  ;  Norton,  Utilisation  of 
Atmospheric  Nitrogen  (U.S.  Dept.  Commerce  and  Labor  :  Washington,  1912). 

2  Gattermann  and  Haussknecht,  Ber.,  1890,  23,  1176. 

»  Moissan,  Compt.  rend.,  1899,  128,  787  ;  Renault,  ibid.,  883. 
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residue  is  probably  a  solid  solution  of  lime  and  the  dicalcium 
salt.i 

When  the  pure  salts  are  treated  with  water,  the  dicalcium 
salt  is  decomposed  to  a  smaller  extent  than  either  the  mono-  or 
tri-calcium  salt.^ 

Normal  Calcium  Orthophosphate  or  Boiie-phosphate,  Ca.JV0^)2. — 
This  compound  occurs  together  with  calcium  fluoride  in  apatite, 
SCagCPOJj.CaF^  or  Cag(P04)2,Ca2(POJF,  in  which  a. portion 
of  the  fluorine  is  sometimes  replaced  by  chlorine.  Phosphor- 
ite and  estramadurite  are  massive  varieties  of  apatite  which 
occur  in  Estramadura,  in  Spain.  Coprolites,  which  are  found 
in  many  sedimentary  deposits,  and  doubtless  have  an  animal 
origin,  consist  mainly  of  calcium  orthophosphate.  Another 
pure  form  of  the  same  compound  is  the  mineral  osteolite,  and 
it  also  occurs  as  sombrerite,  a  mineral  found  on  some  of  the 
small  islands  of  the  Antilles,  especially  Sombrero,  and  contain- 
ing crystals  of  the  mineral  ornithite,  Cag(PO^)2,2H20.  Calcium 
phosphate  is  also  the  chief  inorganic  constituent  of  bones,  form- 
ing about  80  per  cent,  of  burnt  bones  ;  the  other  constituents 
being  magnesium  phosphate,  calcium  carbonate,  and  calcium 
fluoride. 

Pure  calcium  phosphate  is  obtained  as  a  white  precipitate  by 
adding  an  excess  of  common  sodium  phosphate  to  an  ammo- 
niacal  solution  of  chloride  of  calcium.  It  is  nearly  insoluble  in 
water,  but  is  decomposed  by  long  contact  with  boiling  water 
into  an  insoluble  basic  residue  and  a  soluble  acid  salt.  This 
decomposition  takes  place  slowly  in  the  cold,  and  for  this 
reason  an  exact  determination  of  the  solubility  of  the  ortho- 
phosphate is  impossible.^  Calcium  orthophosphate  dissolves 
readily  in  water  containing  ammoniacal  salts,  sodium  nitrate, 
common  salt,  and  other  salts.  It  is  also  readily  soluble  in  all 
acids,  even  in  aqueous  carbonic  acid.  This  explains  the 
absorption  of  the  calcium  phosphate  by  the  roots  of  plants ; 
it  is  then  accumulated  in  the  seeds  and  fruits. 

Bihydrogen  Bicalciuin  Orthophosphate,  YLfia..J^O^^  or 
HCaPO^. — When  a  solution  of  calcium  chloride  is  mixed  with 
one  of  ordinary  sodium  phosphate,  a  white  crystalline  precipi- 
tate of  the  above  compound  containing  4H2O  is  thrown  down. 

1  Cameron  and  Seidell,  /.  Amer.  Ghem.  Soc,  1905,  27,  150.3  ;  Cameron  and 
Bell,  ibid.,  1905,  27,  1512;  1906,  28,  1222. 

2  Cameron  and  Seidell,  /.  Amer.  Chem.  Soc,  1904,  26,  1454;  see  also 
Riudell,  Compt.  rend.,  1905, 134,  112  ;  Buoh,  Zeit.  anory.  Chem.,  19U7,  52,  325. 

^  R.  Warington,  Journ.  Chem.  Soc,  1873,  26,  983. 
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This  compound  oceurs  in  urinary  concretion,  and  is  sometimes 
deposited  from  urine  in  microscopic  crystals  grouped  in 
rosettes  or  stellse,  and  known  as  stellar  phosphate.  It  is 
scarcely  affected  by  cold  water. 

Telra-hydrogen  Calcium  Phos2)hate,  H^Ca(P0^)2. — This  salt  is 
obtained  in  rhombic  tablets  by  dissolving  either  of  the  foregoing 
salts  in  the  requisite  quantity  of  phosphoric  acid  and  allowing 
the  solution  to  evaporate  spontaneous!}',  or  by  crystallisation 
at  160°  of  a  solution  of  calcium  carbonate  in  orthophosphoric 
acid  in  which  the  ratio  PgOj :  CaO  is  4  :  6.^  If  this  is  treated 
with  cold  water  it  is  partially  decomposed  into  the  hydrated 
dicalcium  salt,  whilst  with  boiling  water  the  same  salt  is  pro- 
duced in  the  anhydrous  form  (Erlenmcyer).^ 

Stt^perphosphate  of  Lime. — A  mixture  of  the  last  mentioned 
compound  and  calcium  sulphate  is  manufactured  on  the  large 
scale,  and  known  in  commerce  as  superphosphate  of  lime.  It  is 
usually  prepared  by  acting  on  bone-ash,  coprolites,  phosphorites, 
or  other  form  of  mineral  phosphate  with  two-thirds  of  its  weight 
of  sulphuric  acid.  This  mixture  is  largely  employed  as  a 
manure,  especially  for  wheat  crops.  About  727,346  tons  of 
superphosphates  were  manufactured  in  Great  Britain  in  1906, 
the  average  value  being  about  £2  10s.  per  ton. 

Calcium  Ammmixm  Phosphate,  Ca(NHjPO^,7H20,  is  pre- 
cipitated when  an  ammoniacal  solution  of  ammonium  phosphate 
is  added  to  a  solution  of  calcium  chloride  in  citric  acid.  It  is 
readily  decomposed  by  water.  ^ 

Calcium  Hypophosphite,  Ca(P02H2)2,  is  used  in  medicine  and 
is  prepared  by  boiling  phosphorus  with  milk  of  lime.  On 
evaporating  the  clear  solution,  the  salt  crystallises  in  bright, 
six-sided  monoclinic  prisms. 

Calcium  Arsenide,  CagAs^,  corresponds  in  composition  with 
the  phosphide  and  is  obtained  in  a  similar  manner.  It  is  a 
transparent,  reddish-brown,  crystalline  mass  of  sp.  gr.  2-5,  and  is 
decomposed  by  water  with  production  of  arsine  and  calcium 
hydroxide.  When  heated  in  excess  of  oxygen  it  burns  brilliantly, 
forming  calcium  arsenate.* 

Calcmm  Boride,  CaBg,  is  obtained  by  the  reduction  of  calcium 
borate  with  aluminium  and  carbon  in  the  electric  furnace.     It 

1  Bassett,  Proc.  Cham.  Soc,  1906,  315. 

2  See  also  Viard,  Compt.  rend.,  189S,  127,  178. 

3  Lasne,  Bull.  Soc.  Mm.,  1902,  [3],  27,  131. 
*  Lebeau,  Compt.  reiid.,  1899,  128,  95. 
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forms  a  black  powder  consisting  of  transparent  microscopic 
crystals  of  sp.  gr.  233,  which  are  sufficiently  hard  to  scratch 
rubies.  It  is  not  affected  by  water,  but  is  readily  attacked  by 
chlorine  at  a  red  heat  and  by  many  oxidising  agents,  and  burns 
when  strongly  heated  in  the  air.^ 


Calcium  and  Carbon. 

258  Calcium  Carbide,  CaC^. — This  compound  was  obtained  by 
Moissan  by  heating  pure  lime  and  sugar  charcoal  to  a  very 
high  temperature  in  an  electric  furnace,  the  following  reaction 
taking  place : 

CaO  +  3C=CaC2  +  CO. 

It  is  best  prepared  pure  by  passing  acetylene  into  liquid 
ammonia  containing  metallic  calcium  ^  and  heating  the  resulting 
compound,  CaC2,C2H2,4NH3,  or  by  the  action  of  acetylene  on 
calcium  hydride,  the  compound  CaCgjCgHg,  being  first  formed.^ 

It  forms  colourless  transparent  cr\-stals,*  melts  at  a  higher 
temperature  than  platinum,  and  is  decomposed  by  water  with 
formation  of  the  hydrocarbon  acetylene  :  ^ 

CaCg  +  2H2O  =  C2H2  +  CaCOH),,. 

Calcium  carbide  is  formed  in  small  amount  during  the 
electrolysis  of  calcium  chloride  or  fluoride  with  a  carbon  cathode. 
It  acts  as  a  strong  reducing  agent. 

Calcium  carbide  containing  about  80  per  cent,  of  the  pure 
substance  is  manufactured  on  a  very  large  scale  by  heating  a 
mixture  of  limestone  with  coke  or  small  coal  in  an  electric 
furnace,  the  product  having  a  greyish-black  appearance.  The 
chief  impurities  of  this  material  are  sulphide,  phosphide,  and 
silicide  of  calcium,  the  silicides  of  carbon  and  iron,  and  graphite." 
It  is  employed  for  the  preparation  of  acetylene  for  lighting  pur- 
poses, the  illuminating  power  of  this  gas  being  12 — 15  times 
greater  than  that  of  ordinary  coal-gas.     Theoretically  1  kilo. 

1  Moissan  and  Williams,  Compt.  rend.,  1897,  125,  629. 

2  Moissan,  Compt.  rend.,  1898,  127,  911. 

"  Moissan,  Compt.  rend.,  1903,  136,  1522. 
*  Moissan,  Compt.  rend.,  1898,  127,  917. 
6  Moissan,  Compt.  rend.,  1894,  118,  50. 

1  Le  Chatelier,    Bull.    Soc.    cimn.,    1897,    [3j,    17,    793;    Moissan,  ibid., 
21,  865. 
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should  yield  349  litres  of  acetylene.  The  commercial  product 
rarely  yields  more  than  300  litres.  Calcium  carbide  is  also  used 
for  manufacturing  calcium  cyanamide  (p.  564). 

Galckim  Carbonate,  CaCOg. — This  compound  occurs  widely 
distributed  and  in  enormous  masses  in  nature,  forming  whole 
mountain  ranges,  being  found  as  limestone  of  various  kinds, 
marble,  calc-spar,  and  chalk.  It  also  forms  the  greater  part  of 
egg  shells,  shells  of  mollusca  and  coral,  and  is  contained  together 
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Kiu.  131. 


Fig.  133. 


Fig.  135. 


with  calcium  phosphate  in  burnt  bones.  Calcium  carbonate  is 
dimorphous :  it  exists  in  the  first  place  as  calc-spar,  which  has 
a  specific  gravity  varying  from  2-70  to  275,  and  crystallises 
in  forms  of  the  hexagonal  system  (p.  201).  Some  of  the  more 
important  of  these  are  seen  in  Figs.  130—138,  a  common  twin 
crystal  being  shown  in  Fig.  137.  The  primary  form.  Fig.  130,  is 
a  rhombohedron  having  angles  of  104^5'  and  74°5'.  The  second 
form  of  calcium  carbonate  is  known  as  aragonite,  having  a 
specific  gravity  of  from  2-92  to  3-28,  and  crystallising  in  the 
form  of  rhombic  prisms,  Fig.  139  (Class  21,  p.  201).     Another 
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crystalline  form  often  exhibited  by  aragonite  is  that  of  the 
penetration  twins  shown  in  Fig.  140.  A  distinction  between 
the  two  minerals  was  first  drawn  by  Werner  in  1788,  and  Haiiy 
showed  somewhat  later  that  they  crystallised  in  two  distinctly 
different  forms.     For  many  years  this  difference  was  believed 


Fig.  136. 


Fig.  138. 


Fig.  137. 
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Fig.  140. 


to  be  due  to  the  presence  of  strontia  in  aragonite,  and  it  was 
not  until  1819,  when  Mitscherlich  discovered  the  law  of 
dimorphism,  that  it  was  satisfactorily  understood. 

When  a  calcium  salt  is  precipitated  by  the  carbonate  of  an 
alkali  metal,  or  when  carbon  dioxide  is  passed  through  lime 
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water,  the  precipitate  which  falls  down  is  at  first  flocculent  and 
amorphous,  but  gradually  becomes  crystalline,  forming  either 
ealcite  or  aragonite,  according  to  the  temperature  of  precipitation 
and  bhe  nature  and  concentration  of  the  calcium  salt  and  of  the 
alkali  carbonate  used.^  That  formed  by  passing  a  small  quantity 
of  carbon  dioxide  through  cold  lime  water  soon  becomes  crystal- 
line, the  crystals  being  those  of  calc-spar,  whilst  aragonitic 
crystals  are  deposited  when  the  lime  water  is  hot  (G.  Rose). 
Calc-spar  crystals  are  deposited  when  a  solution  of  calcium 
carbonate  in  carbonic  acid  is  allowed  to  evaporate  spontaneously 
at  the  common  temperature ;  but  if  the  solution  be  heated  to 
90°  aragonite  crystals  separate  out. 

Calcite  appears  to  be  the  more  stable  form  of  the  two,  and 
the  change  from  aragonite  to  calcite  which  occurs  at  about  470" 
when  aragonite  is  slowly  heated  ^  is  accompanied  by  the  evolution 
of  a  small  amount  of  heat.^ 

One  litre  of  water  dissolves  14  milligrams  of  calcium  carbonate 
at  18°.  In  presence  of  free  ammonia  or  ammonium  carbonate 
it  is  still  less  soluble.  On  the  other  hand,  it  readily  dissolves  in 
water  containing  carbonic  acid  in  solution,  this  phenomenon 
having  been  first  investigated  by  Cavendish  in  1767.  The  in- 
creased solubility  in  presence  of  carbon  dioxide  probably  depends 
on  the  formation  of  calcium  bicarbonate,  CaCHCOg)^. 

The  amount  of  calcium  carbonate  dissolved  increases  with 
the  partial  pressure  of  the  carbon  dioxide  up  to  a  certain  maxi- 
mum, which,  according  to  Treadwell  and  Renter,*  is  115  grams 
of  calcium  carbonate  per  litre  at  15°.  When  the  partial 
pressure  of  the  carbon  dioxide  is  zero,  the  solution  at  15°  contains 
0'385  gram  of  calcium  bicarbonate  (0238  gram  of  calcium 
carbonate)  per  litre,  there  being  no  free  carbon  dioxide  in 
the  solution. 

When  calcium  carbonate  is  heated  to  about  550°  it  commences 
to  decompose  into  quicklime  and  carbon  dioxide,  but  if  the  latter 
is  not  removed  the  decomposition  is  not  complete,  even  if  the 
temperature  be  raised  considerably  (p.  129).  The  pressure  of 
carbon  dioxide  amounts  to  one  atmosphere  at  825°. 

When  heated  to  1400°  under  a  pressure  of  30  atmospheres 

1  Adler,  Zeit.  angew.   Chem.,   1897,  14,  431  ;  Meigen,   Chem.   Centr.   190,3, 
IL,  Ull ;  1905,  I.,  1363  ;  Linnk,  Zeit.  Kryit.  Min.,  1906,  41,  633. 

'■*  Bocke,  Zeit.  anorg.  Chem.,  1906,  51,  244. 

'  Foote,  Zeit.  phyaikal.  Chem.,  1900,  33,  740. 

*  Zeit.  anorg.   Chem.,   1898,  17,  170,  where  the  literature  of  the  subject  is 
quoted. 
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of  carbon  dioxide  the  carbonate  sinters  and  partially  decomposes 
but  does  not  mclt.^ 

DouUe  Carbonates,  Na2C03,CaC03,2H20  and  KjCOg.CaCOg, 
have  been  prepared.^ 

Calcium  Cyanamide,  CN.NCa. — A  crude  calcium  cyanamide 
is  made  by  heating  calcium  carbide  in  atmospheric  nitrogen,  or 
by  passing  nitrogen  over  a  mixture  of  lime  and  carbon  at 
about  2000^^  The  absorption  of  nitrogen  by  the  carbide  is 
greatly  accelerated  by  the  presence  of  calcium  chloride  *  and 
similar  substances.  It  forms  a  black  powder  and  contains 
about  20  per  cent,  of  nitrogen.  This  material  is  used  as  a  fer- 
tiliser, the  nitrogen  becoming  available  for  the  plant  in  the 
form  of  ammonia;  it  is  also  used  for  the  manufacture  of 
ammonia,  cyanides,  urea,  etc. 

Calcium  and  Silicon. 

259  Calcium  Silicide,  CaSig,  was  first  prepared  in  an  impure 
state  by  Wohler^  by  the  action  of  sodium  on  fused  calcium 
chloride  and  silicon,  but  was  obtained  pure  by  Moissan  and 
Dilthey,*"  who  heated  lime  with  an  excess  of  silicon  in  a  graphite 
tube  placed  in  an  electric  furnace.  It  forms  a  crystalline  mass 
of  silver-grey  colour  and  metallic  lustre,  is  as  hard  as  quartz, 
and  has  the  sp.  gr.  2'o.  It  is  very  slowly  attacked  by  water, 
with  evolution  of  pure  hydrogen,  but  is  rapidly  acted  on  by 
concentrated  hydrochloric  acid,  hydrogen  and  silicon  hydride 
being  evolved  and  silicon  produced.  It  can  be  made  to  burn 
in  the  oxy-hydrogen  flame,  is  decomposed  at  a  red  heat  by 
hydrogen  chloride  and  by  chlorine,  and  ignites  spontaneously  in 
fluorine. 

Silicates  of  Calcium. —  These  compounds  exist  almost  in  all 
mineral  silicates,  certain  of  these  consisting  mainly  if  not 
altogether  of  silicates  of  calcium  and  isomorphous  metals. 
Among  the  more  important  of  these  are  wollastonite,  CaSiOg ; 
okenite,  CaH2Si.Pg,H20 ;  xonalite,  4CaSi03,H20 ;  apophyl- 
lite,  4H2CaSi20g,KF,4H20.     Le  Chatelier^  has  also  prepared 

1  Bocke,  Zeit.  anorg.  Chem.,  1906,  50,  247. 

2  Barre,  Compt.  rend.,  1912,  154,  279. 

=>  German  Patent,  150878;  Journ.  Chem.  Soc,  1904,  86,  i.,  ")62. 
■>  German  Patent,   163.320  (Nov.   1,   1901).     See  also  Bredig,  Zeit.  Elel-lro- 
chem.,  1907,  13,  69. 
5  Annalen,  1863,  125,  255  ;  127,  258. 
"  Compt.  reiid.,  1902,  134,  503.  '  Ann.  des  Mines,  1887,  345. 
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the  following  anhydrous  silicates  artificially :  CaSiOg,  CagSiO^, 
CagSijO,,  and  CagSiOg. 

Calcmm  Sodium  Silicate  occurs  in  many  localities  in  Scotland 
in  the  mineral  pectolite,  4CaO,Na20,H.-,0,6Si02,  which  fuses 
easily  to  a  transparent  glass,  and  is  interesting  as  correspond- 
ing most  nearly  to  artificially  produced  ordinary  lime-soda 
glass. 

GalciuviBorosilicates occur  native  as  danburite,  CaO,B203,2Si02, 
and  as  datolite,  CaO,B203,2Si02,  both  of  which  melt  readily  to 
a  clear  glass,  and  are  interesting  in  their  relation  to  the 
borosilicate  glass  hereafter  described. 


HYDRAULIC  MORTARS  AND  CEMENTS. 

260  Hydraulic  Mortars. — When  limestone  contains  about 
8  per  cent,  and  upwards  of  clay,  the  lime  obtained  from  it  yields 
a  mortar  which  has  the  property  of  setting  under  water  and  is 
therefore  known  as  hydra,ulic  mortar.  Such  mortars  may  also 
be  obtained  from  "  fat  "  lime  by  mixing  it  with  certain  silicates ; 
thus  many  Roman  buildings  are  still  standing  which  were  con- 
structed with  a  hydraulic  mortar  prepared  from  lime  and  a 
volcanic  tufa  termed  puzzuolana,  found  at  Puzzuoli,  near  Naples, 
and  consisting  of  a  mixture  of  various  silicates.  This  mortar  is 
described  both  by  Pliny  and  Vitruvius.  In  place  of  puzzuolana 
baked  clay  and  numerous  other  silicates  may  be  employed. 

Cements. — These  substances,  which  differ  from  hydraulic 
mortars  inasmuch  as  they  do  not  contain  any  admixture  of  free 
lime,  are  obtained  either  by  the  careful  heating  of  argillaceous 
Hmestone,  or  by  calcining  a  mixture  of  a  suitable  clay  with  the 
requisite  quantity  of  limestone.  Roman,  cement,  originally  manu- 
factured by  James  Parker  in  1796,  was  prepared  in  the  former 
manner,  the  crude  material  employed  being  originally  the  clay 
nodules  found  on  the  coast  of  Essex  and  Kent,  termed  septaria. 
Portland  cement  is  manufactured  from  limestone  and  clay,  most 
of  the  manufacture  in  this  country  being  carried  out  in  the 
valley  of  the  Med  way,  the  river  mud  of  which  is  very  suitable 
for  the  purpose.  The  limestone  and  clay  are  ground  together, 
and  the  mixture,  termed  "  slip  "  or  "  slurry,"  after  drying  is 
carefully  burnt  in  a  kiln  ;  the  fuel  employed  is  coke,  alternate 
layers  of  the  mixture  and  fuel  being  placed  in  the  kiln.  The 
carbon  dioxide   is   thus   completely  eliminated,  and  the   lime 
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produced  combines  with  the  clay,  forming  chiefly  calcium  silicate 
and  aluminate.  The  cement  clinker  drawn  from  the  kiln  is 
broken  up  and  then  ground  between  millstones.  The  following 
analyses  of  English  (1  and  2)  and  German  (3  and  4)  Portland 
cements  give  the  composition  of  the  material  : — 


1. 

2. 

3. 

4. 

Lime 

5906 

5.5-06 

62-81 

57-83 

Silica    .        .    .    . 

24-07 

22-92 

23-22 

23-81 

Alumina   .        .    . 

6-92 

800 

5-27 

9-38 

Ferric  oxide     .    . 

3-41 

5-46 

200 

5-22 

Magnesia      .    .    . 

0-82 

0-77 

114 

1-35 

Potash  ... 

0-73 

1-131 
1-70 

1-27 

0-59 

Soda 

0-87 

0-71 

Calcium  sulphate 

2-85 

1-75 

1-30 

111 

Clay 

\     1-47 

2-27 

2-54 

Sand 

] 

When  the  powder  is  mixed  with  water  to  a  paste  it  heats 
somewhat,  and  the  mixture  if  left  at  rest  stiffens  in  a  few  hours 
and  continues  to  harden,  becoming  solid  within  a  day,  and 
gaining  considerable  strength  within  a  week ;  it  does  not 
however,  attain  its  full  hardness  for  many  months.  Nothing 
further  than  water  is  required  for  the  setting,  and  the  water  is  all 
absorbed ;  the  cement  will  consequently  set  in  a  closed  space  or 
under  water,  and  therefore  goes  by  the  name  of  Hydraulic 
Cement.  It  is  much  stronger  than  ordinary  mortar,  and  is 
chemically  a  different  body.  The  cement  is  used  for  making 
large  blocks  widel}'  employed  for  engineering  and  building 
works,  for  constructing  water-tight  tanks  and  chemical  plant, 
and  for  making  thin  porous  diaphragms  for  the  electrolytic 
preparation  of  the  alkalis. 

'fhe  Setting  of  Cements. — The  cause  of  the  setting  of  cements 
has  been  the  subject  of  much  discussion;  the  explanations 
formerly  given  were  very  incomplete,  but  the  researches  of  Le 
Chatelier  ^  have  thrown  considerable  light  on  the  subject. 
He  examined  the  action  of  polarised  light  on  the  crystalline 
substances  which  can  be  observed  under  the  microscope  in 
Portland  cement,  and  compared  these  optical  properties  with 
those  of  a  number  of  calcium  silicates  and  aluminates  which  he 
prepared  arlaficially.  From  these  experiments  he  concluded 
that  the  chief  constituents  of  cement  are  tricalcium  orthosilicate, 
^  Annahs  de0  Mines,  1887,  345. 
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SCaO.SiOg ;  tricalcium  aluminate,  SCaOjAljOj, ;  and  tricalcium 
aluminoferrite,  3CaO,2(Al,Fe)20g,  properly  made  cement  con- 
taining no  free  lime.  On  the  other  hand  S.  B.  and  W.  B- 
Newberry  ^  consider  that  the  essential  constituents  of  the  cement 
are  the  tricalcium  silicate  and  dicalcium  aluminate.  On  the 
addition  of  water,  the  calcium  compounds  are  decomposed  with 
formation  at  first  of  free  calcium  hydroxide,  and  there  are  then 
formed  crystalline  hydrated  calcium  silicate  and  aluminate,  the 
crystals  of  which  form  an  interlaced  mass,  thus  bringing  about 
the  setting  of  the  cement.  The  setting  takes  place  long  before 
the  formation  of  the  hydrated  crystals  is  complete,  and  as  the 
action  goes  on  the  cement  becomes  continuously  harder.  There 
is  therefore  no  such  difference  between  the  setting  and  harden- 
ing actions  as  in  the  case  of  ordinary  mortar. 


GLASS. 

261  Ordinary  glass  consists  essentially  of  a  mixture  of  the 
silicates  of  calcium  and  of  the  alkalis,  although  for  special 
purposes  the  calcium  silicates  may  be  wholly  or  partly  re- 
placed by  numerous  other  silicates,  and  phosphoric  and  boric 
acids  may  be  in  part  substituted  for  silicic  acid.  The  subject  of 
the  composition  and  manufacture  of  glass  may  therefore  be 
conveniently  considered  here. 

Glass  differs  from  the  simple  silicates  of  which  it  is  com- 
posed, inasmuch  as  it  is  almost  insoluble  in  water  and  acids. 
It  fuses  at  a  high  temperature,  and  on  cooling  passes  through 
all  stages  of  viscosity  until  the  solid  state  is  reached,  and 
whilst  in  the  plastic  condition  can  not  only  be  shaped  and  cut, 
but  may  also  be  readily  welded,  the  gentlest  contact  serving 
to  effect  a  permanent  junction.  As  glass  may  be  varied 
in  composition  by  imperceptible  degrees,  it  is  clear  that  it 
is  not  composed  of  single  substances  in  a  vitreous  condition 
like  fused  silica,  SiOj,  or  fused  boric  anhydride,  BgO,,  but  of 
a  mixture  of  various  substances  such  as  CaO,Na20,6Si02 
with  NagSiOg,  or  CaSiOg  and  SiOg,  forming  together  a  complex 
solution  the  components  of  which  have  so  feeble  a  rate  of 
crystallisation  that  when  cooled  no  separation  takes  place  from 
the  melt,  which  gradually  becomes  vitreous  and  solid,  so  that 

1  /.  Soc.  Chem.  Ind.,  1897,  16,  887. 
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no  definite  solidifying  or  melting  point  is  observed.  Certain 
kinds  of  glass,  however,  contain  components  which  have  a 
quicker  rate  of  crystallisation,  and  when  these  components 
separate  the  glass  is  said  to  devitrify. 

Hisiorical. — The  manufacture  of  glass  appears  to  have 
been  discovered  by  the  Egyptians,  although  the  ancients 
themselves  attributed  the  discovery  of  glass-making  to  the 
Phoenicians.  Glass  vessels  of  various  sizes,  both  colourless  and 
coloured,  have  been  found  in  Egyptian  tombs  which  belong  to 
an  age  prior  to  that  in  which  the  Phoenicians  occupied  them- 
selves with  glass-making.  Indeed,  the  latter  nation  appear 
rather  to  have  been  engaged  in  exporting  the  glass  made  in 
Egypt,  and  especially  at  Thebes,  into  different  parts  of  the 
ancient  world,  than  to  have  established  any  original  manu- 
facture of  their  own.  In  the  tombs  of  Beni  Hassan  near 
Thebes,  which  were  built  more  than  2000  years  B.C.,  we  find 
paintings  representing  Egyptians  carrying  on  the  processes  of 
glass-blowing.  From  these,  as  well  as  from  the  glass  vessels 
which  are  found  in  the  tombs,  it  appears  that  the  Egyptians 
were  not  only  acquainted  with  the  art  of  glass-making  and 
of  working  in  glass,  but  likewise  with  that  of  cutting  and 
colouring  glass,  by  which  they  imitated  precious  stones.  Thus 
an  urn  has  been  found  made  of  white  glass  and  ornamented 
with  patterns  in  white  and  in  light-  and  dark-blue  glass  showing 
the  ring  of  Thoutmosis,  who  reigned  in  the  I7th  century  B.C. 
Specimens  illustrating  all  the  stages  of  the  process  of  glass- 
making,  and  dating  from  about  1400  B.C.,  have  been  found  at 
Tell  el  Amarna.i 

Aristophanes  is  the  first  Greek  author  who  mentions  glass 
{vaXo<;),  i.e.  a  drop  of  rain,  and  in  his  Clouds  he  refers  to  a  glass 
lens  which  was  used  as  a  burning-glass.  Amongst  Latin 
authors,  Cicero  is  the  first  to  mention  Egyptian  glass,  and  we 
find  that  at  the  time  of  Augustus  the  Egyptian  glass  was 
highly  valued  in  Rome,  so  much  so  that  when  this  emperor 
subdued  Egypt  (29  B.C.),  a  portion  of  the  tribute  was  ordered 
to  be  paid  in  glass  ;  this  material  afterwards  being  so  highly 
valued  by  the  Romans  that  Aurelius  levied  an  import  duty 
upon  it. 

Glass  works  were  established  in  Italy,  France,  and  Spain  at 

1  For  further  information  see  Sir  Gardner  Wilkinson,  The  Manners  and 
Cuntmnn  of  the  Ancient  Egyptians,  vol.  iii.,  p.   88,  edit.,  1837;  and  Tell 
Amarna,  by  W.  M.  F.  Petrie  (London,  1894). 
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an  early  date.  These  glass-houses,  however,  only  manufactured 
common  objects  for  everyday  use,  and  it  was  not  until  after 
the  introduction  of  Egyptian  workmen  to  Rome  that  artistic 
glass-ware  was  made  in  Europe.  This  took  place  during  the 
reign  of  Tiberius,  and  the  art  made  such  rapid  progress  that  in 
the  time  of  Nero,  Roman  glass  rivalled  in  every  respect  the 
original  Egyptian  manufacture.  According  to  Pliny,  Egyptian 
soda  and  sand  were  employed  in  the  manufacture  of  glass,  and 
he  remarks  that  in  India  rock-crystal  was  used  for  this  purpose, 
and  that  in  his  time  the  rpaterial  which  was  most  highly  valued 
for  making  glass  was  that  which  approached  most  nearly  to  this 
mineral.  Manganese  was  used  as  a  decolorising  agent  and  the 
materials  employed  to  produce  coloured  glasses  were  identical 
with  those  which  are  at  present  in  use. 

After  the  fall  of  the  Western  Empire  the  glass  manufacture 
followed  Constantino  to  Byzantium,  and  for  five  centuries  the 
Eastern  capital  became  a  renowned  seat  of  the  glass  manufac- 
ture. On  the  decay  of  the  Empire  of  the  East,  the  glass-makers 
wandered  to  various  parts  of  Europe,  many  being  attracted  to 
the  Venetian  Republic.  Here  glass-making  greatly  flourished. 
As  a  protection  against  fire,  it  is  said,  the  manufacture  of 
glass  was  removed  in  the  year  1289  from  the  city  of  Venice  to 
the  adjacent  island  of  Murano,  and  here  during  the  16th  and 
I7th  centuries  the  Venetian  glass  manufacture  attained  its 
highest  development,  the  elaborate  productions  of  Venetian 
art  becoming  famous  throughout  the  civilised  world.  No  fewer 
than  8,000  men  were,  it  is  stated,  employed  at  that  time  in  the 
manufacture,  and  so  important  did  this  branch  of  Venetian 
trade  become,  that  strict  laws  were  promulgated  to  prevent  the 
secrets  of  glass-making  from  becoming  known  to  foreign  work- 
men, the  supervision  of  the  glass-houses  being  confided  to  the 
chief  of  the  Council  of  Ten.  The  Venetian  glass  industry 
received,  however,  a  check  in  the  I7th  century,  from  which 
it  has  recovered  only  in  recent  years. 

In  the  early  Middle  Ages  an  independent  manufacture  of 
glass  arose  in  Germany,  and  glass-painting  is  entirely  of  German 
origin  ;  the  manufacture  of  glass  mirrors  appears  also  to  be  a 
German  invention.  At  first  the  glass  was  coated  with  a  plate 
of  metal,  and  it  was  not  until  the  15th  century  that  the  present 
process  was  introduced.  In  addition  to  table-glass  and  window- 
glass,  artificial  gems,  glass  rings,  and  other  objects  of  art  were 
manufactured   in   Germany.     Agricola,   in    his  treatise  Bn  re 
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Metallica,  published  in  the  year  1530,  gives  the  first  drawing 
of  the  interior  construction  of  a  glass-furnace,  and  in  this  work 
as  well  as  in  Mathesius'  Sarepta  or  Bergpostill  (1564),  we  find 
explicit  and  interesting  directions  concerning  the  manufacture 
of  glass  as  carried  on  in  Venice,  Germany,  and  Bohemia.  In  the 
last-named  country  the  glass  industry  began  to  flourish  in  the 
16th  century,  the  purity  of  the  quartz  found  there  enabling 
manufacturers  to  produce  the  colourless  glass  for  which  the 
Bohemian  glass-houses  have  long  been  famous  and  in  which  they 
still  excel.  When  the  Venetian  glass  manufacture  fell  into 
decay,  Bohemian  glass  replaced  Venetian,  but  in  time  the 
Bohemian  manufacture  again  suffered  a  relapse,  owing  to  the 
heavy  import  duties  which  were  levied  upon  glass-wares  as  well 
as  to  the  fact  that  other  governments  held  out  inducements  to 
the  Bohemian  workmen  to  settle  in  foreign  countries ;  like 
the  Venetian  manufacture,  it  is  only  in  recent  years  that  the 
Bohemian  glass  industry  has  recovered  its  original  position. 

In  the  meantime  many  of  the  German  princes  patronised 
the  glass-makers,  and  each  became  celebrated  for  some  peculiar 
manufacture.  Thus  a  glass-house  at  Potsdam  was  well  known 
for  its  manufacture  of  ruby  glass.  This  glass-house  was  estab- 
lished under  the  direction  of  Joh.  Kunkel,  and  in  1685  he  pub- 
lished the  first  edition  of  his  Ars  Vitraria  Experimentalis,  in 
which  he  gave  a  translation  of  the  collection  of  receipts  pub- 
lished at  Florence  by  Antonius  Neri  in  1612,  and  added  to  them 
remarks  of  his  own  and  those  of  E.  Merret. 

Glass-works  were  also  set  up  in  France  at  an  early  date,  but 
it  was  not  until  the  18th  century,  when  workmen  were  intro- 
duced from  Germany,  that  a  pure  kind  of  French  glass-ware 
was  made.  De  Nehou  in  1688  erected  a  glass-works  at  Paris; 
this  was  afterwards  removed  to  St.  Gobain,  where  it  soon 
became  and  still  remains  the  most  important  plate-glass  works 
in  the  world. 

The  first  manufacture  of  glass  of  which  we  hear  in  England 
is  that  of  window-glass  established  in  the  15th  century.  The 
product  cannot,  however,  have  been  very  good,  for  in  an  old 
deed  made  in  1439  by  the  Countess  of  Warwick  and  a  glazier 
of  Westminster  named  Prudde,  it  is  distinctly  stipulated  that 
no  English  window-glass  is  to  be  used.  In  the  reign  of 
Elizabeth,  French  artists  were  brought  to  London,  and  these 
carried  on  their  trade  of  making  window-glass  at  Crutched 
Friars  in  1557,  whilst  flint-glass  was  first  manufactured  at  a 
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glass-house  at  Savoy  House  in  the  Strand.  Mirror-glass,  used 
for  looking-glasses,  coach-windows  and  similar  purposes,  was 
first  manufactured  in  England  at  Lambeth  by  Venetian 
workmen  brought  over  in  1670  by  the  Duke  of  Buckingham. 
The  first  large  plate-glass  works  were  established  in  1771  at  St. 
Helens  under  the  name  of  the  Ravenshead  or  the  British  Plate- 
glass  Company,  and  this  company  continues  to  flourish  up  to 
the  present  time. 

The  glass  industry  was  introduced  into  Russia  in  the  17th 
and  18th  centuries  by  German  and  Bohemian  workmen.  In  the 
United  States  the  same  manufacture  appears  to  have  been 
established  by  Robert  Hewes,  a  citizen  of  Boston,  who  erected  a 
glass-house  in  the  forest  which  existed  in  New  Hampshire.  The 
manufacture  of  Hewes  does  not  seem  to  have  been  success- 
ful, and  in  1800  another  attempt  was  made  to  establish  a  glass- 
house at  Boston,  which  also  failed,  until  a  German  of  the  name 
of  Lint  took  charge  of  the  works  in  1803,  and  the  State  of 
Massachusetts  agreed  to  pay  a  bounty  on  all  glass  manufactured 
by  him. 

262  The  Materials  used  in  Glass  Manufacture. — Silica  is 
used  in  the  forms  of  quartz,  ignited  flints,  white  sand,  and 
ordinary  sand.  Potash  is  used  in  the  form  of  purified  potashes. 
Soda  was  used,  in  the  form  of  the  native  carbonate,  trona, 
by  the  Egyptians,  and  in  the  form  of  artificial  carbonate  made 
from  kelp  by  the  early  European  glass-makers  until  1831, 
when  the  cheaper  soda  ash  made  by  the  Leblanc  process  was 
used.  More  recently  the  soda  has  been  added  in  the  form  of 
sulphate.  Laxmann  in  1764  tried  to  use  the  native  sodium 
sulphate  from  Siberian  salt-lakes,  and  in  1803  Baader  succeeded 
in  employing  salt-cake  made  as  in  the  Leblanc  soda  process ;  and 
when  in  1856  Pelouze  found  a  method  of  obtaining  salt-cake 
practically  free  from  iron,  the  use  of  salt-cake  became  almost 
general.  Only  the  soda  of  the  sodium  sulphate  mixes  and 
combines  with  the  other  glass  materials,  as  carbon  is  specially 
added  to  reduce  the  sulphuric  anhydride,  and  the  gaseous 
products  thus  formed  escape  with  the  furnace  gases;  no 
practicable  process  has  been  suggested  by  which  the  sulphur 
compounds  can  be  condensed  and  utilised.  Lime  is  used  in 
the  form  of  calc-spar,  marble,  chalk,  or  limestone.  Lead  is  used 
as  red  lead,  white  lead,  and  litharge. 

It  is  almost  impossible  to  obtain  materials  perfectly  free  from 
iron,  and  as  ferrous  oxide,  even  in  small  quantities,  imparts  to 
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glass  a  deep  green  tint,  whereas  ferric  oxide  gives  to  the  glass 
a  light  yellow  colour,  scarcely  visible  when  present  in  small 
quantities,  and  carbon  imparts  to  the  glass  a  deep  yellow  or 
brown  tint,  a  decolorising  agent  is  generally  added  with  the 
object  of  oxidising  the  iron  and  the  carbon ;  for  this  purpose 
manganese  dioxide  (pyrolusite),  arsenious  oxide,  or  saltpetre  is 
used  in  the  manufacture  of  lime  glass,  whilst  red  lead  is 
employed  in  the  manufacture  of  flint  glass. 

263  Composition  of  Glass. — The  several  kinds  of  glass 
commonly  met  with  may  be  roughly  divided  according  to  their 
composition  into  four  chief  varieties  : 

I.  Soda-lime  glass ;  II.  Potash-lime  glass ;  III.  Potash-soda- 
lime-iron  glass,  whose  composition  is  regulated  mainly  by  the 
cheapness  of  the  raw  materials  available ;  and  IV.  Potash-lead 
glass.  The  following  table  shows  the  composition  of  these  kinds 
of  glass : 


I. 
II. 

SiOs. 
71-78 
72-76 

60-65 
40-50 

K,0.             Na^O. 
0-2           12-17 
12-15           0-3 

CaO. 
5-15 
8-10 

18-20 

PbO. 
38-53 

(Al.Fe)^- 
1-4 

1 

[II. 

IV. 

3-5 
8-11 

6-11 
1 

I.  Soda-lime  Glass  is  remarkable  for  the  comparatively  low 
temperature  at  which  it  fuses  and  the  consequent  ease  with 
which  it  can  be  worked,  and  also  by  its  cheapness,  while  it  can 
be  obtained  as  clear  and  colourless  as  the  more  expensive  kinds 
of  glass.  Owing  to  the  ease  with  which  it  may  be  blown, 
welded  and  otherwise  worked  with  simple  sources  of  heat,  it  is 
used  for  making  glass  tubes  and  laboratory  apparatus.  On  the 
large  scale  it  is  employed  as  window-glass  and  plate-glass,  and 
is  then  known  as  crown  glass.  Its  specific  gravity  varies  from 
2-4  to  2-6,  and  its  refractive  index  is  about  1'530  for  the  D 
line. 

II.  Potash-lime  glass,  or  BohcrnAan  glass,  possesses  a  high 
fusing  point  and  requires  a  high  temperature  to  work  it ;  it  is 
less  acted  upon  by  solvents  than  the  other  kinds  of  glass.  The 
above  properties  fit  it  especially  for  the  manufacture  of  chemical 
apparatus,  and  in  particular  for  combustion  tubes. 

III.  Govimon  or  lottle  glass  is  distinguished  by  its  yellow, 
brown,  or  green  colour,  due  to  the  iron  and  other  impurities 
present   in   the   cheap  raw  materials   used,  such   as  common 
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coloured  sand,  basalt,  wood  ashes,  the  residual  alkaline  and  lime- 
salts  from  alkali  works,  gas  works,  and  soap  works,  common 
salt,  salt-cake,  clay  and  rocks  containing  felspar.  The  iron 
silicate  being  comparatively  easily  fusible  allows  of  the  diminu- 
tion of  the  more  costly  alkali  silicates.  This  glass  is  more 
difficultly  fusible  than  soda-lime  glass,  and  is  also  more  readily 
attacked  by  acids. 

IV.  Poiash-lead  glass,  Flint  glass,  Crystal  or  Strass  is  distin- 
guished by  being  very  fusible  and  easily  worked,  although  the 
heating  must  be  done  in  an  atmosphere  free  from  reducing 
gases,  as  these  reduce  the  lead  silicate  to  metallic  lead,  thus 
making  the  glass  opaque  and  black.  The  glass  has  a  higher 
specific  gravity,  viz.,  3'0 — 3"8,  brighter  lustre,  and  greater  refrac- 
tive power,  viz.,  V^O — 1"78  for  the  D  line,  than  any  of  the 
preceding  kinds  of  glass.  Crystal  contains  an  extra  proportion 
of  lead  and  is  used  for  optical  purposes,  whilst  strass  contains  a 
still  larger  proportion ;  these  are  distinguished  by  high  refrac- 
tive indices  and  great  lustre.  Lead  glass  is  more  easily 
attacked  by  aqueous  solutions  than  the  preceding  kinds,  and 
is  therefore  not  suitable  for  chemical  apparatus,  although  it 
is  sufficiently  resistant  for  the  manufacture  of  many  articles  in 
common  use,  especially  table  glass. 

Special  glass  of  unusual  composition. — Besides  potash -soda- 
lime-lead  glass,  many  kinds  of  glass  are  made  in  which 
magnesium,  zinc,  barium,  antimony,  arsenic,  aluminium, 
lithium,  didymium,  thallium,  iron,  and  manganese  oxides  replace 
partially  or  even  completely  the  first-named  oxides,  and  in  which 
the  silica  is  partially  replaced  by  boric  and  phosphoric  oxides. 
Boro-silicate  glass  containing  zinc  and  barium  oxides  is  remark- 
ably resistant  to  the  action  of  water  and  is  known  as  Jena  glass. 
Another  boro-silicate  glass  is  used  for  high  temperature 
thermometers.  Many  different  glasses  are  used  for  optical 
purposes,  their  mean  refractive  index  varying  from  1'49  for 
a  boro-silicate  lime  glass  to  1-65  for  a  lead-barium  silicate  glass, 
their  dispersion  C— F  varying  from  0-007  to  0-020.  Phosphate- 
silicate  glass  containing  alkali,  alumina,  and  baryta  is  used 
for  microscopic  objectives,  and  a  remarkable  glass  consisting  of 
a  boro-silicate  of  barium,  zinc,  and  aluminium,  and  entirely 
free  from  alkalis,  is  used  for  photographic  objectives.  Other 
kinds  of  glass  particularly  transparent  to  the  ultra-violet  rays  are 
used  for  astronomical  objectives,  and  special  electric  glow  lamps. 
On  the  other  hand  a  dark  green  glass  containing  ferrous  oxide 
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is  quite  opaque  to  radiant  heat.  Glass  of  particular  shades  of 
red,  green,  and  blue-violet  are  used  in  colour  photography,  and 
glass  of  other  shades  is  employed  for  isochromatic  monotone 
photographs  and  for  photographing  microscopic  objects  after 
the  use  of  particular  stains.  Lastly,  glass  of  pure  fused  silica 
must  be  mentioned,  articles  of  which  are  now  manufactured  on 
a  considerable  scale  and  are  found  very  valuable  in  the  labora- 
tory and  in  technology,  e.g.,  in  the  concentration  of  sulphuric 
acid.     (See  Vol.  I.,  p.  914). 

264  Thermal  Eoyansion  of  Glass. — The  necessity  for  annealing 
glass  and  the  mode  of  preparation  of  toughened  glass  alike  depend 
on  the  thermal  expansion  of  the  glass.  A  very  interesting  case 
of  a  glass  nearly  free  from  thermal  expansion  is  found  in  quartz 
glass  obtained  by  fusing  pure  quartz  in  the  oxy-hydrogen  flame 
or  electric  furnace,  and  drawing,  welding,  and  blowing  the 
vitreous  melt  into  the  required  forms.  Such  quartz  glass  vessels 
may  be  dropped  white  hot  into  cold  water  without  cracking, 
i.e.,  will  withstand  a  sudden  temperature  change  of  over  1000°. 
The  coefficient  of  expansion  of  quartz  glass  per  V  G.  is 
0'00000052.  Jena  or  resistance  glass,  now  extensively  used  for 
making  glass  laboratory  vessels,  will  withstand  temperature 
shocks  of  190°  C,  while  Bohemian  glass,  having  a  higher  thermal 
expansion,  will  barely  stand  shocks  of  95°  C.  The  thermal 
expansion  of  a  glass  depends  upon  its  chemical  composition  and 
may  be  calculated  from  the  percentage  composition  by  multiply- 
ing each  percentage  by  the  following  factors  and  summing  the 
products  ;  ^  the  factors  are  : 

B2O3 0000,000,003 

SiO^ 027 

ZnO 060 

P2O6 066 

BaO 100 

PbO 100 

CaO 166 

^         K2O 283 

NagO 333 

An  example  of  a  special  glass  with  a  very  low  expansion 
coefficient,  viz.,  0-0000045,  is  the  particular  glass  used  for 
incandescent  gas  lamps. 

'  See  Hovestadt,  Jeiiaer  Gla.-:  (Gustav  Fischer,  Jena,  1900). 
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For  the  manufacture  of  thermometers  it  is  of  great  importance 
that  the  glass  shall  regain  its  original  volume  as  rapidly  as 
possible  after  it  has  undergone  a  change  of  temperature.  Special 
glass  for  this  purpose  is  now  made  under  the  name  of  Jena 
normal-glass  which  has  the  following  composition : 


B,03 

SiOa 

Na,0 

ZnO 

CaO 

Al,03 

MnjOa 

Total 

2  0 

67  3 

14-0 

7-0 

7-0 

2-5 

0-2 

100-0 

After  being  heated  to  100°  thermometers  of  this  glass  only 
show  a  depression  of  the  zero  of  0'06°,  whilst  ordinary  thermo- 
meters show  depressions  of  from  0'4  to  1'0°.^ 

A  further  improvement  is  effected  by  enclosing  within  the 
thermometer  bulb  a  small  rod  of  another  kind  of  glass  having 
the  same  coefficient  of  expansion,  but  a  much  larger  thermal 
after-effect,  when  the  depression  of  the  zero  is  corrected.^  The 
importance  of  mercurial  thermometers  reading  reliably  at  high 
temperatures  has  led  to  the  introduction  of  instruments  filled 
above  the  mercury  with  nitrogen,  and  the  pressure  exerted  by 
this  on  the  bulb  has  necessitated  the  use  of  glass  of  very  high 
melting  point.  By  careful  attention  to  the  composition  of 
such  glasses,  the  range  of  thermometers  has  been  gradually 
extended  from  360°  up  to  450°,  550°,  and  in  1898  even  575°. 


The  Manufacture  of  Glass. 

265  The  materials  employed  for  the  manufacture  of  the  glass 
are  first  fritted  together  in  melting  pots.  These  pots  require 
great  care  in  their  preparation  and  are  made  of  the  most  refrac- 
tory kind  of  fire-clay,  such  as  that  found  at  Stourbridge.  When 
charcoal  or  gas  is  used  as  fuel  the  pots  are  open  (Fig.  141) ;  when, 
however,  coal  is  employed,  and  especially  in  flint-glass  making, 
the  pots  are  hooded  or  covered  at  the  top,  having  a  mouth  in 
front  like  a  muffle  as  seen  in  Fig.  142.  The  melting-furnace  is 
built  of  sandstone,  or  of  moulded  blocks  made  of  the  purest  fire- 
clay. The  construction  of  the  oldest  form  of  glass-furnace,  as 
used  in  the  time  of  Agricola,  is  shown  in  Fig.  143.  It  is  hemi- 
spherical and  is  heated  by  a  wood  fire  placed  in  the  lowest 
opening;  the  second  opening  gives  access  to  the  melting-pot, 
whilst  the  upper  space  serves  as  the  annealing  oven.     The  small 

1  Zeit.  Instramentenhunde,  1883,  3,  377  ;  1891,  11,  330  ;  1892,  12,  402. 

2  Schott,  Zcit.  anal.  Chem.,  1898,  37,  585. 
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Bohemian  furnace,  in  which  wood  is  employed  as  a  fuel,  shown 
in  Fig.  144,  was  formerly  common  in  Germany.  The  older 
glass-houses  were  usually  built  in  the  form  of  a  truncated  cone, 
open  at  the  top,  from  60  to  80  feet  in  height,  and  from  40  to 
50  feet  in  diameter  at  the  base,  the  centre  of  the  area  being  used 
for  the  melting-furnace,  capable  of  holding  from  5_to  10  glass- 
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pots  or  crucibles  for  melting  the  materials.  The  wood  used  m 
early  times  as  fuel  was  gradually  replaced  by  coal,  and  this 
change  necessitated  an  alteration  in  tlie  form  of  the  furnace. 
In  order  to  insure  complete  combustion,  and  to  bring  about  a 
sufficiently  high  temperature  when  the  fuel  used  is  coal,  the 
arrangement  shown  in  Fig.  145  is  made  use  of,  the  whole  of  the 
furnace  being  enclosed  in  a  conical  chimney. 
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Fig.  146. 


Figs.  146  and  147  show  the  construction  of  a  modern  English 
flint-glass   furnace   in    plan    and    in    vertical   section.      Ten 
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large  glass-pots  are  placed  round  the  walls  of  the  furnace,  with 
their  mouths  towards  the  outside,  opposite  corresponding  holes 
in  the  external  wall  of  the  furnace,  so  that  the  molten  glass  can 
be  readily  withdrawn.     A  small  pot  is  placed  above  the  firing - 


hole  D.  The  grate  for  the  coal  fire  is  situated  in  the  centre^  of 
the  furnace  and  the  flames  striking  on  the  arch  or  crown  E  (Fig. 
147)  play  round  each  pot  and  find  their  way  through  the  flues 
(f)  in  the  pillars  into  the  common  chimney. 

Amongst  modern  glass-furnaces  that  invented  by  Siemens  is 

p  p  2 
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the  most  successful.  Fig.  148  shows  the  gas  geaerator,  which 
is  situated  at  some  distance  from  the  melting-furnace.  In  this 
the  coal  falls  down  through  the  opening  (g)  on  to  the  inclined 
plane  (bb),  whence  it  passes  on  to  the  bars  (cc)  of  the  furnace. 
Here  an  incomplete  combustion  takes  place  and  the  coal  lying 


Fig.  150. 


above  the  grate  undergoes  dry  distillation ;  the  gases  pass 
through  the  flues  (c)  (d)  and  (e),  and  are  led  into  the  melting- 
furnace,  the  construction  of  which  is  seen  in  Fig.  149.  Here 
the  gas  passes  at  first  through  the  flue  (c')  to  the  regener- 
ator (d'),  where  it  is  heated,  and  thence  passes  by  the  flues  (e'  f') 
into  the  furnace,  whilst  the  air  necessary  for  the  combustion  of 
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the  gas  is  allowed   to   enter   through  the   air   passages;    the 
products  of  combustion  pass  from  the  furnace  by  a  flue  not 


shown,  but  placed  behind  (f')  and  thence  by  the  flue  (e')  to  the 
second  regenerator  (d')  and  so  to  the  flue  (c')  and  to  the 
chimney.     After  about  twenty  minutes  the  regenerator  (d')  has 
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cooled,  while  the  regenerator  (d')  has  been  heated  to  a 
fairly  high  temperature,  and  by  now  altering  the  position  of 
large  valves  in  the  several  flues,  the  direction  of  the  gas  is 
reversed,  so  that  it  is  heated  on  its  way  to  the  furnace  by  the 
regenerator  (d'),  while  the  waste  gases  from  the  furnace  impart 
a  portion  of  their  heat  to  the  regenerator  (d'). 

Fig.  150  shows  a  vertical  cross  section,  Fig.  151  a  horizontal 
section,  and  Fig.  152  a  vertical  longitudinal  section  of  an 
improved  form  of  a  Siemens  glass-melting  furnace.  This  furnace 
resembles  the  one  last  described,  in  having  the  regenerative 
arrangement  for  recovering  the  waste  heat  as  shown  at  (o'd')  Fig. 
149,  but  is  remarkable  for  an  improved  method  of  construction 
and  mode  of  working,  the  glass  being  placed  in  tanks  instead  of 
va.pots.  In  the  older  forms  of  glass-furnace  the  materials  are  first 
charged  into  the  glass-pots,  then  fritted  and  melted  down  and 
worked  out  completely,  after  which  the  pots  are  re-charged  and 
the  process  repeated.  Hence  a  considerable  loss  of  time  and 
waste  of  fuel  take  place  through  the  intermittent  nature  of  the 
work.  Siemens'  improvement  has  for  its  object  the  rendering 
of  the  process  of  glass-making  a  continuous  and  more  uniform 
one.  It  consists  of  an  arrangement  of  tanks  (a),  (b),  (c).  Fig.  152 
of  which  (a)  serves  to  receive  the  raw  materials ;  in  this  tank 
they  are  fritted  together  and  afterwards  fused.  From  (a)  the 
liquid  "  metal "  flows  into  (b),  the  clarifying  compartment,  whence 
it  passes  into  (c),  the  working  compartment,  from  which 
it  can  be  withdrawn  by  the  workmen  in  the  usual  manner 
through  the  doors  (d,  d).  The  compartment  (a)  is  fed  with  raw 
materials  through  the  charge -aperture  (e)  at  the  back  of  the 
furnace.  This  compartment  (a)  is  separated  from  the  tank  (b)  by 
a  division  wall  (f).  Fig.  151,  in  which  a  series  of  passages  is 
formed,  one  of  which  is  seen  at  (a  a)  Fig.  152.  Through  these 
passages  the  melted  glass  flows,  and  from  (b)  it  passes  to  the 
tank  (c)  through  the  passages  (b)  in  the  division  wall  (g).  The 
sides  and  bottom  of  the  tank  are  honeycombed  with  air-pas- 
sages (d  d  d),  through  which  cold  air  is  caused  to  circulate  by  the 
draught  produced  in  the  chimney  (h),  and  thus  the  tank  walls 
are  maintained  in  a  cool  condition  so  as  to  enable  them  better 
to  withstand  any  injurious  action  of  the  melted  glass.  The  gas- 
ports  are  shown  at  (k  k),  and  the  heated  air  issues  from  corre- 
sponding openings  passing  in  diverse  directions  over  the  upper 
edges  of  the  wall.  By  this  means  an  effectual  intermixture  of 
the  combustible  gas  and  the  heated  air  is  produced,  and  the 


MANUFACTURE   OF  GLASS 


583 


584  GLASS 

air  is  prevented  from  coming  into  immediate  contact  with  the 
surface  of  the  melted  glass  in  the  tanks.  By  arranging  thegas- 
and  air-ports  along  the  sides  of  the  tanks,  the  temperature  in 
the  different  parts  of  the  furnace  can  be  regulated  according  to 
the  various  stages  of  the  preparation  of  the  glass  in  the  several 
compartments. 

The  materials  required  for  the  formation  of  the  glass  are,  if 
possible,  always  mixed  with  broken  glass  of  the   same   kind, 
technically  termed  "  cullett,"  for  the  purpose  of  increasing  the 
fusibility  of  the  mass.     The  materials,  however,  are  not  placed 
in  the  pots  until  these  are  heated  up  to  a  high  temperature. 
The   furnace   is   kept  very  hot   until  the  first  portion  of  the 
material  added  has  been  fused,  and  then  a  second  portion  is 
introduced.     When  all  the  solid  matter  is  dissolved,  the  glass 
is  still  full  of  small  bubbles  of  gas,  and  is  of  a  spongy  nature 
and  not  yet  in  a  fit  state  for  working.     Moreover,  the  surface  of 
the  melted  mass  is  covered  by  a  layer  of  salts  chiefly  consisting 
of  chlorides  and  sulphates  of  potassium  and  sodium  which  have 
escaped  perfect  vitrification ;  this  is  termed  glass-gall  or  sandiver. 
Formerly,  when  impure  materials  were  more  generally  employed 
than  is  now  the  case,  large  quantities  of  this  scum  were  formed. 
Now,  however,  its   formation  is  avoided  by  the  use  of  purer 
materials  and  by  the  addition  of  charcoal  if  salt-cake  is  em- 
ployed, care  being  taken  not  to  add  an  excess,  as  otherwise  the 
glass  assumes  a  yellow  colour.    The  last  process  in  glass-making 
is  termed  the  "  fining,"  and  consists  in  the  removal  by  subsidence 
of  the  heavier  non-vitrified  particles,  and  the  escape  of  the  bubbles 
of  gas  to  the  surface.   For  this  purpose  the  glass  must  be  brought 
into  as  liquid  a  state  as  possible,  and  consequently  at  this  stage 
of  the  operation  the  temperature  is  raised  to  the  highest  point. 
When  all  the  gas-bubbles  and  the  glass-gall  have  disappeared, 
the  temperature  of  the  furnace  is  allowed  to  fall  slowly,  the 
object  being  to  reduce  the  fluidity  of  the  glass  to  the  point  at 
which  it  becomes  viscid  and  in  a  workable  condition.     Glass  is 
worked  either  by  the  skill  of  the  glass-blower,  for  the  production 
of  the  ordinary  hollow-  or  blown-glass  articles,  or  by  casting  in 
presses,  or,  lastly,  by  pouring   the   "metal"   out  on  to   iron 
tables   and   rolling  it   into   plates.      The   tools   described  by 
Blancourt  in  his  work  0?i  the  Art  of  Glass,  printed  in  London  in 
1699,  are  almost  the  same  as  those  now  in  use. 

It  should  be  mentioned  that  oil  firing  is  now  being  used  to  some 
extent,  a  mixture  of  air  and  oil  being  sprayed  into  the  furnace 
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Annealirtg. — All  articles  made  of  glass  require  to  be  very 
slowly  and  homogeneously  cooled,  for  those  portions  of  the 
glass  which  are  on  the  outside  solidify  first,  and  leave  the 
interior  portions  still  warm,  and  these,  unable  to  contract  on 
cooling,  are  left  in  a  state  of  tension ;  hence  glass  which  has 
been  quickly  cooled  cracks  and  falls  to  pieces  with  the  slightest 
disturbance,  such  as  is  caused  by  a  very  slight  scratch.  All  glass 
therefore  requires  to  go  through  the  annealing  process.  This 
consists  in  submitting  the  glass  articles  to  a  very  slow  cooling. 
The  construction  of  an  annealing  oven  is  shown  in  Fig.  153. 


Fig.  153. 


The  fact  of  the  brittleness  of  glass  when  suddenly  cooled  is 
well  seen  in  the  so-called  Rupert's  Drops  (Fig.  154),  obtained 
by  allowing  a  little  melted  glass  to  fall  drop  by  drop  into  cold 
water.     By  merely  breaking  off  the  thin  point  the  whole  mass 


Fig.  154. 


is  converted  with  a  slight  detonation  into  a  fine  powder. 
Similarly  an  ordinary  thick  tumbler  made  of  unannealed  glass 
flies  to  pieces  when  the  slightest  scratch  is  made  on  the  interior 
surface,  as  when  a  small  piece  of  flint  is  allowed  to  fall  into 
the  glass. 

Toughened  glass  is  a  particular  kind  of  strained  and  partly  an- 
nealed glass,  discovered  by  De  la  Eastie.  The  glass  articles, 
heated  almost  to  redness,  are  suddenly  immersed  in  oil  lieated 
to  300°,  and  are  then  allowed  to  cool  gradually,  or  sheets  of 
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glass  are  allowed  to  cool  between  plates  of  suitably  heated 
metal.  The  glass  thus  prepared  is  able  to  withstand  sudden 
changes  of  temperature  better  than  the  untoughened  glass; 
it  is  also  not  readily  broken  when  dropped,  but  when  by 
increasing  the  severity  of  the  blow  it  is  broken,  it  falls 
into  fine  splinters.  Although  a  crack  may  occur  in  the  vessel 
of  toughened  glass  without  the  whole  mass  breaking  up, 
yet  it  cannot  be  cut  with  a  diamond,  and  the  plates  have 
accordingly  to  be  made  of  the  size  ultimately  required. 

Laboratory  Glass  Working. — The  methods  of  constructing 
special  pieces  of  apparatus,  though  they  cannot  be  here 
described,  are  of  considerable  importance  to  the  research 
chemist,  and  to  those  engaged  in  the  examination 
of  any  gaseous  products ;  assistance  in  acquiring  this  art 
may  be  obtained  from  special  manuals  on  the  subject.^ 

266  Decomposition  of  Glass. — It  is  of  especial  importance  for 
the  chemist  that  his  glass  vessels  should  satisfactorily  withstand 
the  action  of  chemical  reagents.  Bernard  Palissy,  Lavoisier,  and 
Scheele  were  well  aware  of  the  solvent  action  of  water  upon 
glass,  and  they  explained  this  by  the  solution  of  the  alkaline  sili- 
cates, whilst  the  insoluble  silica  or  lime  silicate  floated  about  in 
the  liquid.  In  his  celebrated  researches  on  the  atomic  weights 
of  the  elements,  Stas  ^  describes  a  series  of  preliminary  experi- 
ments made  for  the  purpose  of  ascertaining  the  kind  of  glass 
which  is  least  subject  to  such  deterioration.  He  found  that 
glass  containing  lead  or  alumina  was  readily  acted  upon  by 
acids,  whilst  potash-lime  glass  withstood  this  action  best,  and 
he  prepared  a  glass  of  the  following  composition,  which  was 
sufficiently  capable  of  resisting  solvents  and  at  the  same  time 
fusible  enough  to  enable  it  to  be  worked  into  the  various  forms 
of  chemical  apparatus  : 

SiOj      K2O      Na^O      CaO 

77'0     7-7       50     10-3  =  100 

Emmerling  *  found  the  solvent  action  of  boiling  solutions  on 
glass  vessels  to  be  within  certain  limits  proportional  to  the 
time  during  which  the  action  takes  place,  and  naturally 
it    is   also   proportional   to  the  surface  exposed  to  the  action 

'  The  Methods  of  Glass  Blowing,    Slienstone,    1886 ;    Qlass-Blowing   and 
Working,  Bolas,  1898. 
-  Noui'f.Ues  Recherches,  tbc,  Mem.  ArarJ.  Be/g.,  35,  216. 
^  Annalen,  1869,  150,  257. 
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of  the  liquid.  Dilute  alkalis  attack  glass  very  much  more 
rapidly  than  neutral  or  acid  solutions,  and  hence  it  follows 
that  in  order  to  diminish  the  errors  which  occur  in  quantitative 
analysis  from  the  solvent  action  of  reagents  upon  glass,  the 
long  continued  contact  of  alkaline  liquids  must  especially 
be  avoided,  any  such  liquid  being  acidified  before  evaporation ; 
it  is  also  advisable  to  avoid  the  use  of  new  glass  vessels,  which 
are  attacked  much  more  rapidly  than  old  ones.  It  appears 
that  the  most  resistant  glasses  have  approximately  the  mole- 
cular composition  8'6  SiOgi  1  CaO  :  1'2  (Na2,K2)0,  the  relative 
proportion  of  soda  to  potash  making  little  difference.^ 

The  number  of  milligrams  of  glass  destroyed  per  hour 
on  an  exposed  surface  of  one  square  decimetre  by  various 
solutions  is  given  approximately  by  the  following  figures,  the 
glass  being  such  as  is  used  for  making  flasks,  beakers,  &c., 
and  known  as  (1)  Bohemian  glass,  (2)  Jena  glass.  Water 
at  20°,  (1)  0-0040,  (2)  0-0002 ;  water  at  80",  (1)  0-50,  (2)  0-02 ; 
sulphuric  acid  5  per  cent,  at  100°,  (1)  1-7,  (2)  0-0;  sodium 
carbonate  10  per  cent,  at  100°,  (1)  20-0,  (2)  80;  sodium 
hydroxjde  8  per  cent,  at  100°,  (1)  15-0,  (2).  17-0. 

Glass  is  slowly  attacked  by  the  moisture  and  the  carbon  di- 
oxide contained  in  the  air,  so  that  the  surface  gradually  becomes 
spotted  with  minute  crystals  of  sodium  carbonate  or  with 
minute  drops  of  potassium  carbonate  solution,  and  this  action 
is  accelerated  in  hot  saturated  air.  Badly  prepared  window 
glass,  especially  that  rich  in  alkalis,  becomes  opaque  in  the 
course  of  time.  This  is  due  to  a  similar  decomposition  of  the 
surface,  so  that  the  carbonates  of  the  alkalis  being  washed  away, 
an  iridescent  coating  consisting  of  a  thin  film  of  calcium 
silicate  remains.  This  iridescence  is  especially  well  seen  in 
antique  glass  which  has  been  buried  in  the  earth  for  a  consider- 
able length  of  time.  A  similar  iridescent  surface  is  now  produced 
artificially  by  heating  ordinary  glass  under  pressure  in  contact 
with  hydrochloric  acid.  Borosilicate  glasses,  and  especially 
those  containing  zinc  and  barium,  are  particularly  permanent 
on  exposure  to  the  air.  The  decomposition  of  the  surface  of 
glass  is  often  not  to  be  seen  until  the  glass  is  heated,  when 
the  surface  dehydrates  and  cracks. 

Devitrification    of   Glass.      Maumur's    Porcelain. — In   1739, 
Reaumur  observed  that  if  a  piece  of  glass  were  surrounded  by 

1  Weber  and  Sauer,  Rer.,   1892,  25,  70  ;  Mylius  and  Foerster,  ibid.,  1889, 
22,  1093 ;  1892,  25,  97. 
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sand  or  gypsum,  and  heated  strongly  for  a  considerable  length 
of  time  it  was  converted  into  a  porcelain-like  mass,  to  which  he 
gave  the  name  of  porcilainc  par  devitrification.  According  to 
the  experiments  of  Pelouze,  Benrath,^  and  Stolba,^  the  porce- 
lain-like glass  possesses  the  same  composition  as  ordinary 
transparent  glass.  Devitrification  results  from  the  gradual 
precipitation  or  crystallisation  of  certain  ingredients  of  the 
vitreous  solution,  and  the  liability  to  devitrity  depends  on  the 
composition  of  the  glass. 

Opaque,  Coloured  and  Matt  Glass. 

267  Milk-glass. — The  ordinary  opalescent  or  milk-glass  is 
either  soda-glass  or  flint-glass  which  has  been  rendered  opaque 
by  the  addition  of  an  insoluble  powder,  such  as  bone-phosphate 
or  mineral-phosphate. 

Enamel. — Another  opaque  variety  of  glass  is  known  under 
the  name  of  enamel.  This  name  originally  signified  lead-glass 
rendered  white  by  oxide  of  tin,  but  oxide  of  antimony  and 
sulphate  of  barium  are  now  also  employed.  Enamel  is  used  for 
covering  the  surface,' or  for  "enamelling"  iron  vessels  used  for 
cooking  and  for  chemical  manufacturing  purposes.  Enamels 
may  be  coloured  by  any  of  the  materials  next  described  for 
colouring  glass,  such  coloured  enamels  being  used  for  making 
ornaments  by  fluxing  them  on  to  plates  or  articles  of  gold  or 
copper,  to  which  they  readily  adhere. 

Rviby  Glass. — The  older  chemists  were  acquainted  with  the 
fact  that  glass  could  be  coloured  a  ruby-red  tint  by  means  of 
various  gold  compounds.  Thus  Neri  describes  a  method  of 
preparing  ruby  glass  by  adding  to  the  glass-maker's  materials 
the  residue  from  the  evaporation  of  a  solution  of  gold  in  aqua 
regia.  General  attention,  however,  was  drawn  to  this  subject 
in  the  I7th  century,  after  the  discovery  of  the  purple  of  Cassius, 
obtained  as  a  dark-red  powder  by  mixing  the  chlorides  of  gold 
and  tin  (p.  508).  Amongst  other  chemists,  Kunkel  occupied 
himself  with  the  preparation  of  this  gold  pigment,  and  obtained 
from  the  Elector  Frederic  William  the  sum  of  1,600  ducats  for 
his  experiments. 

In  his  Ars  Vitriaria  Experimentalis  he  says :  "  There  was  a 
certain  Bodor  medicinae,  by  name  Cassius,  who  discovered  the 

1  Die  OlaKfahricalion,  187,5,  18. 

2  J.pr.  Chem.,  1863,  90,  465;  1864,  93,  118. 
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prcecipitatio  Solis  cum  Jove  :  to  this  perhaps  Glauber  may  have 
given  occasion,  but  I  leave  this  undecided.  The  aforesaid 
Doctor  Cassius  endeavoured  to  bring  it  into  glass,  but  when  he 
tried  to  form  a  glass  with  it,  or  when  he  took  it  out  of  the  fire 
it  was  as  colourless  as  crystal,  and  he  could  not  bring  any  per- 
manent red  out  of  it.  He  may,  however,  have  observed,  being 
a  man  curious  about  these  things,  amongst  the  glass-blowers  that 
when  they  softened  glass  in  the  flame  of  the  lamp  the  colour 
underwent  a  change.  Thus  he  came  to  try  the  same  plan  with 
gold  glass,  and  obtained  a  splendid  ruby  colour.  When  I  learnt 
this,  I  set  to  work  at  once,  and  I  know  best  what  trouble  I  had 
to  hit  the  proper  composition,  and  to  find  out  how  to  get  it 
always  red." 

The  secret  which  is  involved  in  the  above  words  is  explained 
in  the  Zaboratorium  Chymicum,  which  appeared  after  his  death  : 
"  This  ruby  glass  possesses  the  property  that  when  the  glass  is 
melted  with  the  0  (gold)  it  comes  out  of  the  fire  as  clear  as 
crystal,  and  in  order  to  become  red  must  be  heated  again  in  a 
mild  fire." 

On  the  addition  of  purple  of  Cassius  or  of  gold  chloride,  to 
a  melt  of  glass,  the  latter  remains  perfectly  colourless  when 
quickly  cooled ;  but  when  reheated  to  the  point  at  which  it 
becomes  soft,  the  whole  mass  attains  a  ruby-red  colour.  By  the 
addition  of  tin  or  silver  compounds,  a  variety  of  tints  between  a 
rose-red  colour  and  a  red-purple  colour  can  be  obtained.  It  is 
probable  that  the  colour  is  due  to  metallic  gold  in  so  finely- 
divided  a  state  that  the  substance  only 'allows  red  light  to  pass 
through  it ;  indeed,  the  presence  of  fine  particles  of  gold  in  ruby 
glass  has  recently  been  detected  by  the  ultramicroscope.^  The 
amount  of  gold  contained  in  ruby  glass  is  very  small,  amount- 
ing to  from  0'05  to  0'06  per  cent. 

Cuprous  oxide  also  colours  glass  a  fine  and  intense  red,  but 
inasmuch  as  this  compound  readily  undergoes  oxidation  and  as 
cupric  oxide  imparts  to  glass  a  light  green  colour,  a  reducing  agent 
such  as  iron  scale  is  added  to  the  materials.  Oxidation  is  also 
prevented  by  poling  the  molten  mass  with  pieces  of  fresh  wood. 
The  glass  on  cooling  appears  ofa  light  green  colour,  but  becomes 
red  on  re-heating.  The  preparation  of  this  glass  was  also 
understood  in  early  times.  Klaproth  found  both  copper  and 
iron  in  a  sample  of  old  Roman  glass,  and  in  the  beginning  ot 

1  Zsigmondy,  Zeit.  physikal.  Chem.,  1906,  56,  65  ;  see  also  Garnett,  Proc. 
Roy.  Soc,  1905,  76,  A,  370. 
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the  I7th  century,  Neri  described  a  method  of  calcining  copper 
in  order  to  colour  glass,  and  stated  that  iron  filings,  iron  scale, 
or  other  reducing  agents  must  be  added  in  order  that  the 
colour  might  come  out  a  bright  red.  Kunkel  also  employed  him- 
self with  the  preparation  of  this  glass,  but  in  later  times  the  art 
was  lost,  and  it  was  not  until  the  year  1828  that  Engelhardt 
examined  the  question  and  obtained  a  prize  which  the  Berlin 
Polytechnic  Society  had  offered  for  the  discovery,  since  which 
time  the  method  has  been  generally  practised.  Cuprous  oxide 
possesses  a  very  strong  colouring  power,  and  for  this  reason 
copper-ruby  is  generally  flashed  on  to  colourless  glass,  as  other- 
wise the  colbur  would  be  altogether  too  intense.  The  glass  blower 
brings  the  requisite  quantity  of  colourless  glass  on  to  his  blowpipe, 
and  dips  this  into  the  molten  coloured  glass  so  as  to  cover  the 
former  with  a  thin  film,  and  the  compound  glass  is  then  blown 
and  shaped  in  the  usual  way.  By  examining  the  cut  edge  of  a 
piece  of  flashed  copper -ruby  glass  the  thin  layer  of  coloured  glass 
resting  on  a  very  much  thicker  layer  of  colourless  glass  is  dis- 
tinctly visible.  By  grinding  or  etching  through  the  flashed  colour 
highly  decorative  effects  may  be  obtained ;  this  art  of  flashing 
and  grinding  was  known  to  the  ancients,  as  is  shown  by  the 
celebrated  Portland  Vase  made  of  black  glass  flashed  over  with  a 
milk  white  glass. 

Ferric  oxide  (colcothar)  also  imparts  a  red  colour  to  glass,  but 
the  tint  is  less  brilliant  than  either  of  the  two  just  described. 

Yellow  Glass  is  prepared  by  the  addition  of  potassium  anti- 
monate  or  of  antimony-glass  (a  fused  and  imperfectly  oxidised 
sulphide  of  antimony) ;  other  yellow  colours  are  obtained  by  the 
use  of  silver  chloride  and  silver  borate.  Organic  bodies  also 
impart  a  yellow  tint  to  glass.  This  must  have  been  observed  by 
Thomas  Aquinas,  who  describes  a  mode  of  preparation  of 
artificial  topaz  by  placing  a  piece  of  aloe-wood  over  the  vessel 
in  which  the  glass  is  melted.  It  was  formerly  believed  that  this 
brown  colour  was  due  to  carbon.  Splitgerbe  has,  however, 
shown  that  it  is  caused  by  the  presence  of  the  sulphides 
of  the  alkali  metals  obtained  by  reduction  from  the  sulphates 
contained  in  the  material  used  for  glass-making. 

Green  Glass  is  obtained  by  the  addition  of  cupric  oxide,  as  was 
known  to  the  ancients,  the  above  substance  being  found  in 
antique  glass.  According  to  Seneca,  Democritus  of  Abdera 
was  acquainted  with  a  method  for  producing  the  emerald 
artificially,  and  Theophrastus,  about  300  B.C.,  described  a  mode 
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of  colouring  glass  green  by  means  of  copper.  Other  green  tints 
are  obtained  by  the  addition  of  oxide  of  chromium  and  ferrous 
oxide,  the  latter  giving  a  dull  bottle-green  colour. 

Bbte  G*/ass.— Cobalt  oxide  colours  glass  a  fine  hhie,  and  this 
oxide  has  been  used  from  early  times  for  this  purpose. 

Violet  Glass. — The  violet  colour,  of  glass  is  obtained  by  the 
addition  of  black  oxide  of  manganese  and  nitre. 

JBlacJc  Glass. — A  fine  Mack  opaque  glass  is  obtained  by  the  addi- 
tion of  sesquioxide  of  iridium  to  colourless  glass,  and  a  common 
black  glass  is  prepared  by  adding  large  quantities  of  ferric  oxide, 
with  which  copper  oxide  or  cobalt  oxide  is  frequently  mixed. 

Faste. — The  property  of  glass  to  attain  a  variety  of  tints  by 
the  addition  of  various  metallic  oxides  is  made  use  of  for  the 
production  of  imitation  gems  or  paste,  and  this  art  has  now 
attained  such  perfection  that  it  is  difficult  even  for  an  adept 
to  ascertain  upon  mere  inspection  of  a  stone  whether  it  is 
genuine  or  only  an  imitation.  Strass  is  employed  for  the  basis 
of  paste,  because  of  its  high  refractive  power  and  bright  lustre. 
According  to  Donault-Wieland  topaz  is  formed  by  adding  to 
1,000  parts  of  strass,  40  parts  of  antimony-glass  and  1  part  of 
purple  of  Cassius.  Buhy  is  obtained  from  the  ingredients  of  the 
topaz  mixture  by  fusing  1  part  of  this  with  8  parts  of  strass  and 
allowing  the  fused  mass  to  remain  at  the  temperature  of  the 
furnace  for  thirty  hours.  Emerald  is  prepared  by  fusing  1000 
parts  of  strass,  8  parts  of  cupric  oxide,  and  0'25  part  of  chromium 
oxide.  Sapphire  can  be  made  by  the  addition  of  15  parts  of 
cobalt  oxide  to  1,000  of  strass ;  amethyst  requires  the  addition 
of  8  parts  of  manganese  dioxide,  5  of  cobalt  oxide,  and  2  of 
purple  of  Cassius  ;  whereas  leryl  or  aqua-marine  is  prepared  by 
adding  7  of  antimony-glass  and  0'4  of  cobalt  oxide  to  the  1,000 
of  strass,  and  Syrian  garnet  or  cariimcle  requires  500  of  antimony- 
glass  and  4  parts  each  of  manganese  dioxide  and  purple  of 
Cassius  to  the  same  quantity  of  strass.  These  special  tints  can, 
however,  be  readily  varied  at  pleasure. 

Avanturine  Glass  has  received  its  name  from  a  rare  form 
of  quartz  which  occurs  in  Spain  and  the  Altai,  containing 
spangles  of  mica  or  other  mineral.  Avanturine  glass  is  more 
beautiful  than  the  natural  mineral,  and  the  method  of  its 
manTifacture  is  said  to  have  been  discovered  by  chance  in 
the  13th  century  by  Briani  in  Venice.  The  artificial  avan- 
turine was  largely  employed  for  the  preparation  of  ornaments 
and   especially   for   Venetian   mosaic   work.       The   details   of 
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its  preparation  were  long  kept  secret,  and  the  process  was 
only  carried  out  by  a  few  of  the  highest  Venetian  families.  In 
the  year  1847  Pettenkofer^  investigated  the  preparation  of  the 
antique  hfematine,  an  opaque  red '  glass,  and  in  the  preparation 
of  this  material  he  obtained  by  accident  avanturine  glass.  Many 
not  wholly  successful  attempts  have  been  made  to  determine  the 
exact  conditions  under  which  the  avanturine  is  thus  formed, 
Avanturine  glass  is  a  white  soda-lime  glass,  containing  an  excess 
of  alkali,  coloured  red  by  cuprous  oxide  and  containing  an 
enormous  number  of  minute  spangles  of  metallic  copper,  prob- 
ably produced  by  the  partial  decomposition  of  cuprous  silicate.^ 
According  to  Hautefeuille,  a  green  cupric  glass  is  first  prepared  ; 
to  this  iron  filings  are  gradually  added  until  it  becomes  red  and 
opaque  ;  haamatine  glass  is  thus  formed,  which  is  then  well 
covered  with  ashes,  and  allowed  gradually  to  cool,  when  the 
artificial  avanturine  glass  is  formed. 

Matt  Glass. — The  etching  of  glass  with  hydrofluoric  acid 
was  known  in  the  l7th  century,  but  it  is  only  recently  that  this 
process  has  been  employed  for  the  decoration  of  glass,  and  now 
etched  glass  is  much  used  in  place  of  the  more  expensive  cut- 
glass.  Gaseous  hydrofluoric  acid  as  well  as  many  soluble 
fluorides  produce  a  dull  or  matt  surface  on  glass  possessing  also 
a  considerable  degree  of  opacity,  but  liquid  h3'drofluoric  acid 
produces,  according  to  the  concentration  of  the  acid,  a  more  or 
less  transparent  matt-surface.  According  to  Tessie  de  Mothay 
and  Marechal,  the  best  mode  of  obtaining  opaque-etching  by 
means  of  hydrofluoric  acid  is  to  employ  a  bath  made  of  1,000 
parts  of  water,  250  parts  of  crystallised  double  fluoride  of 
hydrogen  and  potassium,  2.50  parts  of  commercial  hydrochloric 
acid,  and  1 40  parts  of  potassium  sulphate.  This  last  salt  renders 
the  fluorides  of  calcium  and  lead  which  may  be  formed  less 
soluble,  whereby  they  are  separated  out  in  the  crystalline  form 
on  the  portions  of  the  glass  which  have  been  etched  and  thus 
tend  to  render  the  surface  more  opaque. 

The  matt-surface  is  now  usually  produced  on  glass  by  exposing 
it  to  a  sand  blast,  the  parts  which  are  to  remain  smooth  being 
protected  by  paper.  Reagent  bottles  may  readily  be  indelibly 
labelled  in  this  manner.  The  matt-surface  on  whole  sheets  of 
glass  is  obtained  by  grinding  with  sand. 

Quartz  Glass  and  Fused  Silica  Ware. — The  fact  that  quartz  can 

1  Dincjl.  Polyt.  Journ.,  1847,  145,  122. 

2  Auger,  C'ompt.  rend.,  1907,  144,  422. 
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be  easily  fused  in  the  electric  furnace  and  worked  up  into 
articles  for  chemical  use  is  referred  to  in  Vol.  I.,  p.  914.  Such 
articles  are  now  manufactured  both  in  this  country  and  abroad, 
white  sand  or  selected  quartz  being  fused,  and  made  into 
tubes,  rods,  muffles,  flasks,  &c.,  the  value  of  which  for  chemical 
research  can  hardly  be  overestimated. 

Detection  and  Estimation  of  Calcium. 

268  The  fact  that  certain  compounds  of  calcium  impart  a  red 
colour  to  the  flame  of  the  spirit-lamp  was  first  observed  by 
Ribbentrop  in  1796.  The  spectrum  of  a  non-luminous  gas 
flame  tinted  by  calcium  chloride  exhibits  a  number  of  lines,  of 
which  the  green  line  Ca/3  is  the  most  characteristic,  the  orange 
line  Caa  being  also  very  prominent  (see  Fig.  21,  p.  154).  This 
spectrum  is  mainly  due  to  the  chloride  and  oxide  and  not  to 
the  vapour  of  the  metal  itself,  and  is  also  yielded  by  calcium 
compounds  which  do  not  volatilise  in  the  flame,  when  they  are 
moistened  with  hydrochloric  acid  and  placed  on  a  platinum  wire 
in  the  hottest  portion  of  the  flame.  Certain  silicates  containing 
calcium  which  are  not  decomposed  by  hydrochloric  acid  must  be 
first  heated  with  ammonium  fluoride,  the  residue  then  decom- 
posed by  sulphuric  acid,  and  treated  as  above.  By  means  of 
the  spectroscope  as  small  a  quantity  as  0'00006  of  a  mgrm.  of 
calcium  chloride  or  similar  salt  may  be  detected.  At  the  tem- 
perature of  the  electric  arc  the  calcium  compounds  show  the 
spectrum  of  metallic  calcium,  consisting  of  a  number  of  fine 
bright  lines. 

Calcium  may  be  separated  from  the  alkali  metals  by  the 
addition  of  a  solution  of  ammonium  carbonate,  calcium  car- 
bonate being  precipitated.  As  has  been  stated,  this  latter  salt 
is  not  altogether  insoluble  in  water,  and  it  is,  therefore,  prefer- 
able to  precipitate  the  lime  as  calcium  oxalate  by  the  addition 
of  ammonium  oxalate  in  neutral  or  ammoniacal  solution ;  this 
salt  is  slightly  soluble  in  water  (0-0068  g.  per  litre  at  25°),  but 
much  less  soluble  in  dilute  ammonium  oxalate  solution,  which 
is  therefore  used  instead  of  water  for  washing  the  precipitate- 
This  reaction  is  usually  employed  for  the  estimation  of  calcium  ; 
the  washed  and  dried  precipitate,  which  has  the  composition 
CaC20^,2H20,  is  either  gently  ignited,  by  which  means  it  is 
converted  into  the  carbonate ;  or  it  is  strongly  ignited,  when 
the  carbonate  is  converted  into  caustic  lime.     The  amount  of 
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oxalate  may  also  be  ascertained  volumetrically  by  treating 
the  precipitate  with  dilute  sulphuric  acid  and  titrating  with 
potassium  permanganate.  Calcium  is  also  occasionally  esti- 
mated as  the  sulphate.  The  precipitation  by  sulphuric  acid 
must,  however,  be  made  in  presence  of  alcohol,  and  the  pre- 
cipitate must  also  be  washed  with  the  same  liquid. 

The  Atomic  Weight  of  calcium  was  first  accurately  deter- 
mined by  Erdmann  and  Marchand,"^  by  the  ignition  of  calc- 
spar  and  of  precipitated  calcium  carbonate.  From  their 
experiments  it  appears  that  the  atomic  weight  of  calcium  is 
89'68,  39-70,  SQ-TS,  or  as  a  mean  of  the  three  numbers  39'7 
(pp.  10,  11).  Baup  ^  obtained  the  number  39'67  as  the  result 
of  the  analysis  of  organic  lime  salts.  Hinrichsen,^  by  the 
careful  ignition  of  calc-spar,  has  obtained  the  number  4014 
(0  =  16),  and  Eichards,*  by  the  analysis  of  the  chloride,  found 
4013.  The  most  probable  value  is  now  (1913)  taken  as 
40-07. 


STRONTIUM.     Sr  =  87-63. 

269  The  name  of  this  element  is  derived  from  that  of 
Strontian,  a  village  in  Argyllshire,  in  which  a  peculiar  mineral, 
strontium  carbonate  or  strontianite,  was  originally  found.  At 
first  this  mineral  was  mistaken  for  barium  carbonate,  but  in 
the  year  1790  Crawford  suggested  that  it  contained  a  peculiar 
earth,  founding  his  opinion  upon  experiments  which  had  been 
made  on  the  mineral  by  Cruikshank.  This  was  confirmed  in 
1792  by  Hope,5  and  independently  by  Klaproth,^  a  year  after- 
wards. Sir  Humphry  Davy  in  1807  first  obtained  the  metal 
strontium. 

Strontium  occurs  chiefly  as  the  sulphate  or  celesiine,  SrSO^, 
and  as  the  carbonate  or  strontianite,  SrCOg.  Many  specimens 
of  aragonite  and  of  calc-spar  contain  small  quantities  of  stron- 
tium carbonate ;  and  the  same  may  be  said  of  many  kinds  of 
limestone,  ma.rble,  chalk,  and  other  rocks,''  and  also  many  iron 

1  Annalen,  1844,  52,  210  ;  1848,  66,  219. 

■^  Annalen,  ]  844,  52,  212. 

3  Zeit.  physikal.  Chem.,  1901,  39,  311  ;  1902,  40,  746. 

*  J.  Amer.  Chem.  Soc,  1902,  24,  374. 

5  Account  of  a  mineral  from  Strontian,  Trans.  Roy.  Soc.  Edinb.,  1792,  4,  3. 

«  Orell.  Ann.,  1793,  2,  189,  and  1794,  1,  99. 

'  Hillebrand,  /.  Amer.  Chem.  Soc,  1894,  16,  81. 
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ores  and  other  minerals/  although  the  strontium  is  generally 
present  only  in  very  small  traces.  Baryto-celestine  is  a  mineral 
which  contains  the  sulphates  of  barium  and  strontium,  and  the 
latter  compound  occurs  also  in  small  quantities  in  different 
varieties  of  heavy  spar.  Strontium  occurs  as  a  silicate  in 
brewsterite,  H^(Ba,Sr,Ca)Al2Sig0^g,3H20.  Small  quantities  of 
the  chloride  and  sulphate  of  strontium  occur  in  solution  in 
many  brine-springs  as  well  as  in  different  mineral  waters.  It 
is  also  present  in  chalk  waters,  such  as  that  of  the  London 
basin,  and  has  been  found  in  plants,  being  in  some  cases  derived 
from  the  calcareous  fertilisers  which  have  been  applied  to  the 
soil.  Strontium  has  also  been  found  in  sea-water  in  the  ashes 
of  Fucus  vesicidosus  and  in  the  spicules  of  certain  radiolaria 
(Butschli). 

Preparation  of  Metallic  Strontium. — Davy  obtained  the  metal 
strontium  by  the  electrolysis  of  either  the  moistened  hydroxide 
or  the  chloride.  It  was  afterwards  prepared  by  Bunsen  and 
Matthiessen,^  who  electrolysed  a  fused  mixture  of  strontium 
chloride  and  ammonium  chloride,  using  a  thin  iron  wire  as 
cathode,  and  obtained  the  metal  in  pieces  weighing  half  a  gram 
or  less.  The  metal  prepared  by  them  was  yellow  and  probably 
contained  nitride.  It  has  been  obtained  in  a  pure  condition  by 
Borchers  and  Stockem  by  the  application  of  the  method  which 
they  had  employed  successfully  for  the  preparation  of  calcium 
(p.  531). 

It  has  also  been  prepared  indirectly  from  strontium  amalgam, 
but  the  metal  obtained  by  simply  heating  the  amalgam  does 
not  appear  to  be  pure.  Strontium  amalgam  can  be  obtained  by 
heating  a  saturated  solution  of  strontium  chloride  to  90°  with 
20  per  cent,  sodium  amalgam,^  but  is  more  conveniently  pre- 
pared by  electrolysing  a  solution  of  strontium  chloride  with  a 
mercury  cathode,  washing  the  product  with  water,  pressing 
between  folds  of  filter  paper  and  then  heating  to  150".* 

In  order  to  prepare  pure  strontium,  the  amalgam  containing 
8  per  cent,  of  strontium  is  heated  in  vacuo  to  700°,  and  then  to 
about  1000°  in  hydrogen.  The  mercury  is  thus  completely 
removed  and  a  compact  mass  of  the  hydride  obtained.  This  is 
then  heated  in  small  quantities  in  vacuo  in  an  iron  tube  con- 

'  Hartley  and  Ramage,  Joiim.  Chem.  Soc,  1897,  71,  533,  547. 

■■2  Journ.  Chem.  Soc,  1856,  107. 

•■'  Franz,  J.  pr.  Chem.,  1869,  107,  253. 

«  Guntz  and  Roederer,  Bull.  Soc.  chim.,  1906,  (3),  35,  494. 
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tained  in  a  porcelain  tube.  The  hydride  decomposes,  and  the 
strontium  volatilises  and  is  condensed  on  a  polished  hollow  steel 
tube,  cooled  by  a  stream  of  water.  The  metal  thus  obtained 
contains  98'6 — 99  per  cent,  of  strontium,  and  may  be  obtained 
still  less  impure  (99'4  per  cent.  Sr)  by  redistillation  in  vacuo.^ 
Glascock  has  prepared  it  from  the  fused  chloride.^  Pure 
strontium  is  a  crystalline,  silver-white  metal  of  sp.  gr.  about  25; 
it  has  the  same  hardness  as  lead,  melts  at  about  800",  and 
volatilises  freely  at  950°.  It  very  rapidly  loses  its  lustre  in  the 
air  and  takes  fire  when  simply  rubbed  with  a  hard  body,  whilst 
the  finely-divided  metal  inflames  spontaneously  in  the  air, 
forming  a  mixture  of  oxide  and  nitride.  The  metal  burns  with 
a  dazzling  red  flame  when  heated  in  oxygen,  and  is  also  readily 
attacked  by  the  halogens,  hydrogen  chloride,  sulphur,  hydrogen 
sulphide,  phosphorus,  &c.  It  decomposes  water  and  alcohol,  and 
is  readily  dissolved  by  acids  (Guntz  and  Roederer).  It  is  less 
electro-positive  than  calcium  and  the  alkali  metals.  Strontium 
behaves  towards  liquid  ammonia  like  the  alkali  metals  (p.  379).' 

STRONTIUM  COMPOUNDS. 

270  The  preparation  of  strontium  compounds  free  from 
calcium  and  barium  is  a  matter  of  considerable  difficulty.  It 
is  not  easy  to  effect  a  separation  of  isomorphous  salts,  hence 
calcium  and  strontium  cannot  be  separated  by  means  of  their 
chlorides,  nor  strontium  and  barium  by  means  of  their  nitrates. 
The  purification  is  best  accomplished  by  dissolving  the  crude 
carbonate  in  hydrochloric  acid,  precipitating  foreign  metals  by 
strontium  oxide,  followed  by  chlorine  water,  and  then  precipitat- 
ing most  of  the  barium  by  the  addition  of  concentrated  hydro- 
chloric acid.  Sulphuric  acid  is  then  added,  and  the  greater 
portion  of  the  mixed  sulphates  converted  into  carbonate  by 
ammonium  carbonate.  The  precipitate  is  next  dissolved  in 
dilute  nitric  acid  and  fractionally  precipitated  with  sulphuric 
acid  until  no  barium  is  contained  in  the  precipitate.  Calcium 
is  removed  from  the  nitrate  by  repeated  precipitation  of  the 
strontium  nitrate  by  alcohol.* 

1  Gompt.  rend.,  1906,142,  400;  Bnll.  Soc.  chim.,  1906,  (.3),  35,  503;  also 
Oompt.  rend.,  1910,  151,  813. 

"  J.  Amer.  Ghem.  Soc,  1910,  32,  3 222. 

'  See  also  Roederer,  Btdl.  Soc.  chim.,  1906,  (3),  35,  715. 

^  Siirensen,  Ztil.  anoty.  Ghem.,  1896,  11,  305.  See  also  Richards,  ibid., 
1905,  47,  145. 
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Strontium,  Monoxide  or  Caustic  Strontia,  SrO. — -This  sub- 
stance is  obtained  by  the  ignition  of  the  nitrate  in  the  form  of 
a  greyish-white  porous  mass,  which  becomes  crystalline  at  about 
2,500°  and  melts  at  about  3,000°  (Moissan).  When  brought 
into  contact  with  a  small  quantity  of  water  the  monoxide  unites 
with  it  to  form  a  white  powder  of  strontium  hydroxide,  Sr(0H)2. 
This  body  possesses  a  specific  gravity  of  3'625,  and  when 
strongly  heated  is  reconverted  into  strontia.  The  hydroxide  is 
easily  soluble  in  hot  water,  and  the  solution,  on  cooling,  deposits 
transparent  tetragonal  crystals  of  the  hydrate  Sr(OH)2,8H20 ; 
100  parts  of  cold  water  dissolve  2'0,  and  of  boiling  water  41-66 
parts  of  the  crystals.  Strontia  water  has  a  strongly  alkaline 
reaction  and  possesses  caustic  properties  less  marked  than  the 
solutions  of  the  alkalis. 

Considerable  quantities  of  strontium  hydroxide  are  used  in  the 
refining  of  sugar. 

Strontium  Dioxide,  SrOj. — Pearly  scales  of  the  hydrated 
dioxide,  Sr02,8H20,  separate  out  on  mixing  a  solution  of 
the  hydroxide  with  hydrogen  dioxide  ;  these  lose  water  on 
heating,  leaving  the  anhydrous  dioxide  as  a  light  white  powder 
which  does  not  melt  at  a  red-heat,  but  gradually  loses  oxygen 
(Schone). 

Strontium  Hydride,  SrHg,  is  prepared  by  heating  strontium,  or 
its  amalgam,  or  an  alloy  containing  55  per  cent,  of  cadmium,  in 
hydrogen,  and  is  a  white  solid,  which  forms  at  a  red  heat  and 
decomposes  when  more  strongly  heated,  its  dissociation  pres- 
sure being  100  mm.  at  1000°.  In  its  general  pi-operties  it 
closely  resembles  calcium  hydride.^ 

Strontium  Chloride,  SrClg,  is  obtained  by  dissolving  stron- 
tianite  in  hydrochloric  acid.  The  hot  concentrated  solution 
deposits,  on  cooling,  long  hexagonal  needles,  SrCl2,6H20, 
which  are  isomorphous  with  the  corresponding  hydrate  of 
calcium  chloride.  They  possess  a  sharp,  bitter  taste,  have  a 
specific  gravity  of  1'603,  and  effloresce  on  exposure  to  the  air. 
On  heating,  these  crystals  yield  the  anhydrous  salt  as  a  white 
powder,  which  melts  at  873°  and  when  again  cooled  forms  a 
white  semi-transparent  glassy  mass  having  a  specific  gravity  of 
3'05.     According  to  Mulder  100  parts  of  water  dissolve : — 
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'  Gnntz,  Oompt.  rend.,  1901,  133,  1209;  134,  838;  Gautier,  Compt.  rend., 
1901,  134,  100,  1108. 
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The  hexahydrate  passes  into  the  dihydrate,  SrCl2,2H20,  at 
65'5°  in  contact  with  a  saturated  solution.  Chloride  of 
strontium  also  dissolves  in  alcohol.  The  commercial  salt 
frequently  contains  calcium  chloride. 

A  crystalline  compound,  SrCl2,ICl3,8H20,  has  been  described. 

Strontium  Sulphide,  SrS,  can  be  obtained  crystallised  in  cubes 
by  heating  the  sulphate  with  carbon  in  the  electric  furnace/ 
and  is  also  formed  by  heating  the  carbonate  with  sulphur,  and 
the  carbonate  or  oxide  in  a  stream  of  sulphuretted  hydrogen.^ 
Like  the  sulphides  of  calcium  and  barium,  it  is  strongly  phos- 
phorescent in  the  presence  of  small  amounts  of  certain  foreign 
substances,  whilst  the  pure  sulphide  does  not  possess  this 
property.  The  most  brilliant  green  phosphorescence  is  obtained 
in  the  presence  of  traces  of  sodium  carbonate  and  chloride  and 
bismuth  nitrate,  but  manganese  salts  produce  a  similar 
phosphorescence.* 

Strontium  Sulphate,  SrSO^,  is  found  in  large,  well-developed 
rhombic  crystals  and  as  a  fibrous  amorphous  mass.  It  frequently 
possesses  a  light  blue  colour,  whence  it  takes  its  name  celestine 
(ccelestis).  When  sulphuric  acid  or  a  soluble  sulphate  is  added 
to  a  solution  of  a  strontium  salt,  the  sulphate  is  thrown  down 
as  a  white  precipitate  possessing  a  specific  gravity  of  3'707,  and 
fusing  when  strongly  heated.  It  is  but  very  slightly  soluble  in 
cold,  and  still  less  in  boiling  water.  One  litre  of  water 
at  18°  dissolves  0'114  gram  (Kohlrausch).  Strontium  sulphate 
is  much  more  easily  soluble  in  acids  and  in  solution  of  common 
salt,  as  well  as  in  other  salt  solutions,  but  is  less  soluble  in 
sulphates  or  dilute  sulphuric  acid,  and  is  completely  decom- 
posed by  boiling  with  a  solution  of  an  alkali  carbonate.  When 
the  salt  is  dissolved  in  hot  concentrated  sulphuric  acid,  crystals 
of  celestine  separate  out  on  cooling,  but  when  it  is  treated  with 
concentrated  sulphuric  acid  at  100°,  and  the  solution  digested 
with  an  excess  of  the  salt  at  a  somewhat  higher  temperature,  the 
compound  H2S0^,SrS0^  separates  out  as  a  granular  crystal- 
line powder,  which  when  exposed  to  moist  air  changes  into  small 
glittering  tablets  having  the  composition  H2S04,SrS04,H20. 

Strontium  Nitrate,  Sr(N03)2,  i^  obtained  by  dissolving  the 

1  Mourlot,  Gompi.  rend.,  1898,  127,  408  ;  Miiller,  Centr.  Min.,  1900,  178. 

2  Mourolo,  Compt.  rend.,  1897,  124,  1024,  1237 ;  125,  775. 

»  Compt.  rend.,  1897,  125,  1098 ;  1898,  126,  420,  904,  1508  ;  127,  229,  372; 
1899, 128,  557,  1239.  See  also  Lenard  and  Klatt,  Ann.  Phys.  Chem,  1889,  38, 
90  ;  Waentig,  2eit.  physikal.  Chem.,  1905,  51,  435. 
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carbonate  in  warm  dilute  nitric  acid.  When  the  solution  is 
evaporated  down,  the  anhydrous  salt  separates  out  in  trans- 
parent octahedra  or  in  combinations  of  the  octahedron  and  the 
cube.  When  a  dilute  solution  is  cooled  down,  the  hydrate, 
Sr(N03)2,4H.20,  separates  out  in  large,  well-developed  mono- 
clinic  crystals  which  quickly  effloresce  on  exposure  to  the  air. 
One  hundred  parts  of  water  dissolve,  according  to  Mulder  : 
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The  transition  point  for  the  tetrahydrate  and  the  anhydrous 
salt  is  31-3°.  Strontium  nitrate  is  insoluble  in  concentrated 
nitric  acid,  and  only  very  slightly  soluble  in  absolute  alcohol ; 
it  possesses  a  cooling  taste,  and  has  a  specific  gravity  of  2-962 
(Schroder).  When  thrown  on  to  red-hot  charcoal  it  deflagrates, 
burning  with  a  red  flame,  and  is  on  this  account  largely  used 
for  pyrotechnic  purposes. 

The  nitride^  arsenide,^  phosphide,^  and  horide  *  of  strontium 
closely  resemble  the  corresponding  calcium  compounds. 

Strontium  Carbonate,  SrCOg,  occurs  as  strontianite  in  crystals 
which  are  isomorphous  with  those  of  aragonite.  This  com- 
pound is  obtained  in  the  form  of  a  white  impalpable  powder 
having  a  specific  gravity  of  3-62,  when  a  strontium  salt  is  pre- 
cipitated by  an  alkali  carbonate.  When  gently  ignited  it  loses 
all  its  carbon  dioxide  and  is  converted  into  strontia.  In  a 
current  of  carbon  dioxide,  it  is  converted  into  oxide  at  1155°.^ 
One  litre  of  water  dissolves  ll'O  mgrms.  of  this  salt  at  18°.®  It 
is  less  soluble  in  water  containing  ammonia,  but  dissolves 
considerably  in  a  solution  of  ammonium  chloride  and  of 
ammonium  nitrate.  When  boiled  with  ammonium  chloride  it 
is  converted  into  strontium  chloride. 

Detection  and  Estimation  of  Strontium. 

271  Strontium  salts  colour  the  flame  a  magnificent  crimson. 
When  examined  by  the  spectroscope  the  spectrum  is  found  to 
consist  of  numerous  bright  lines  or  bands  due  to  the  salts  and 

1  Gautier,  Compt.  rend.,  1902,  134,  1108. 

"  Lebeau,  ibid.,  1899,  129,  47.  '  Jaboin,  ibid.,  1889,  129,  762. 

"  Moissan,  ibid.,  1897,  125,  629. 

"  Brill,  Zeit.  anorg.  Ohem.,  1905,  45,  275. 

"  Bineau,  Ann.  Chim.  Phya.,  1887,  [3],  51,  290.  Compare  Kohlrauaoh  and 
Rose,  Zeit.  physihal.  Chem.,  1893,  12,  241 ;  Hollemann,  Zeit.  phyaikal.  Chem., 
1893,  12,  125. 
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oxide  of  the  metal,  of  which  eight  are  specially  characteristic,  six 
in  the  red,  one  in  the  orange,  and  one  in  the  blue.  The  orange 
line,  termed  Sr  a  (6045  A.U.),  the  red,  Sr  /3,  and  Sr  7,  and  the 
blue  line,  Sr  S  (4608  A.U.),  are  the  most  intense,  and  therefore 
the  most  valuable  for  the  discrimination  of  this  element.^  By 
means  of  spectrum  analysis  xooVoo  mgrm.  of  strontium 
chloride  can  be  detected.  H.  Fox  Talbot^  was  the  first  to 
describe  the  spectrum  of  strontium.  He  examined  the 
spectrum  of  the  red  fire  of  theatres  and  distinguished  many 
of  the  strontium  lines,  especially  the  blue  line,  Sr  S  (p.  149). 
In  order  to  detect  strontium  the  bead,  either  alone  or  moistened 
with  hydrochloric  acid,  is  brought  into  the  flame.  If  strontium 
be  supposed  to  be  present  as  sulphate  the  bead  is  held  for  a 
few  moments  in  the  reducing  portion  of  the  flame,  and  then 
moistened  with  hydrochloric  acid  in  order  to  convert  the 
strontium  sulphide  which  is  formed  into  strontium  chloride. 
The  strontium  salts  containing  non-volatile  acids  are  melted 
on  a  platinum  wire  with  a  small  quantity  of  sodium  carbonate. 
The  fused  bead  is  then  reduced  to  a  fine  powder  and  dissolved 
in  a  little  hot  water,  and  the  residue,  which  contains  strontium 
carbonate,  moistened  with  hydrochloric  acid,  and  the  chloride 
brought  on  a  wire  into  the  non-luminous  flame. 

Strontium  is  separated  from  the  alkali  metals  by  precipita- 
tion with  ammonium  carbonate,  and  is  usually  estimated 
quantitatively  as  the  sulphate  by  precipitating  the  solution 
with  sulphuric  acid  in  the  presence  of  alcohol  and  washing 
the  precipitate  with  a  weaker  alcohol.  In  order  to  separate  it 
from  calcium  the  mixed  carbonates  are  converted  into  nitrates 
and  these  are  treated  with  absolute  alcohol  or  amyl  alcohol,^  which 
leave  the  nitrate  of  strontium  undissolved. 

Atomic  Weight  of  Strontium. — The  atomic  weight  of  strontium 
was  determined  by  Marignac*  from  the  amount  of  silver  re- 
quired to  precipitate  a  known  weight  of  pure  crystallised 
strontium  chloride,  and  also  from  the  amount  of  strontium 
sulphate  formed  from  the  chloride ;  he  thus  obtained  the 
numbers  86-64  and  86'76  respectively.  Richards,^  from  the 
determination  of  the  amount  of  silver  required  to  preci- 
pitate a  known  quantity  of  pure  strontium  bromide  and  the 

1  See  Riesenfeld  and  Wohlers,  Ber.,  1906,  39,  2628. 

'^  Brewster's  Joum.  of  Science,  1826,  5. 

'  Browning,  Amer.  J.  Set.,  1892,  43,  50. 

•*  Annalen,  1858,  106,  165.  =  Zeit.  anorg.  Chem.,  1895,  8,  253. 
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quantity  of  silver  bromide  formed,  obtained  as  the  average 
of  anumber  of  consistent  experiments  the  figure  87-663  (0  =  16). 
A  later  determination  ^  of  the  ratio  of  silver  to  strontium 
chloride  gave  the  value  87'661. 

On  the  basis  of  Richards'  work,  and  after  revision  of  the 
fundamental  values,'-^  the  figure  87"62  was  taken  as  the  atomic 
weight  of  strontium,  In  1910,  Thorpe  and  Francis  ^  determined 
the  ratios  2Ag :  SrBr^,  2AgBr  :  SrBr^,  2Ag :  SrCl,,  2AgCl :  SrCi,, 
SrBrg :  SrSO^,  SrClj :  SrSO^,  and  arrived  at  a  mean  value  of 
87-65.  The  figure  at  present  (1913)  adopted  as  the  atomic 
weight  of  strontium  is  87'63. 


BARIUM.     Ba  =  i37-37 

272  Our  knowledge  of  the  barium  compounds  commences  with 
that  of  the  natural  sulphate  or  heavy  spar.  This  substance 
was  first  examined  in  the  year  1602,  by  a  Bolognese  shoe- 
maker, V.  Casciorolus,  who  noticed  that  it  possessed  the  remark- 
able property  of  becoming  phosphorescent  when  ignited  with 
carbonaceous  matter.  To  this  material  the  discoverer  gave  the 
name  of  lapis  solis,  but  it  became  better  known  as  Bolognian  or 
Bononian  phosphorus,  from  the  place  in  which  it  was  first 
prepared,  whence  specimens  of  the  shoe-maker's  handiwork 
found  their  way  into  the  laboratories  of  the  alchemists  of  the 
time.  The  mineral  which  yielded  this  phosphorus,  termed 
Bolognian  spar,  was  first  believed  to  be  a  peculiar  kind  of 
g3rpsum,  and  hence  it  was  termed  gypsum  spathosum.  In 
consequence  of  its  high  specific  gravity,  Cronstedt  termed 
it  marmor  meiallicum,  and  Marggraf  in  1750,  finding  that  it 
contained  sulphuric  acid,  ranked  it  amongst  what  were  then 
termed  the  heavy  fluor-spars.  The  nature  of  this  mineral 
remained  for  some  time  obscure,  and  the  learned  mineralogist 
V.  Justi  wrote  in  1760  concerning  it  as  follows:  "Our  analysis 
has  here  reached  its  limits ;  we  know  of  no  smelting  operation 
by  which  anything  can  be  got  out  of  this  spar.  Many  profound 
chemists  and  skilful  assayers  have  here  tried  their  art  in  vain." 
The  next  step  in  our  knowledge  of  this  subject  was  made  in  the 

'  Richards,  Zeit.  anorg.  Ohem.,  1905,  47,  145- 

2  Proc.  Ohem.  Soc,  1909,  25,  7. 

8  Proc.  Roy.  Soc,  A.,  1909-10,  83,  277. 
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year  1774,  when  Scheele,  who  was  engaged  in  his  investigation 
on  the  black  oxide  of  manganese,  examined  a  specimen  of  this 
mineral  which  he  found  to  contain  a  new  earth,  and  this  when 
brought  in  contact  with  sulphuric  acid  yielded  a  salt  insoluble 
in  water,  which  could  be  brought  into  a  soluble  condition  by 
ignition  with  carbon  and  an  alkali.  Gahn  afterwards  showed 
that  this  earth  was  contained  in  heavy-spar,  and  Bergman  gave 
it  the  name  terra  ponder  osa.  Guy  ton  de  Morveau  in  1779 
proposed  the  name  barote  (from  ^apv<;,  heavy),  and  this  name, 
slightly  altered  to  baryta  by  Lavoisier,  was  soon  generally 
adopted.  The  suggestion  that  this  earth  was  the  oxide  of  a 
metal  was  frequently  made,  but  the  fact  was  not  proved  until 
after  Davy's  discovery  of  the  decomposition  of  the  alkalis. 

Barium  occurs  in  nature  chiefly  as  the  sulphate  or  heavy-spar, 
BaSO^,  which  is  often  found  together  with  galena  and  other 
metallic  ores,  though  also  found  not  associated  with  metallic 
veins.  Another  source  of  barium  compounds,  less  widely  distri- 
buted, is  the  carbonate  or  witherite,  BaCO,,  whilst  other  minerals 
containing  barium  are  barytocelestine,  (Ba,Sr,Ca)S04,  baryto- 
calcite,  BaC03,CaC03,  alstonite,  (Ba,Ca)S04,  and  psilomelane 
(Mn,Ba)0,Mn02.  Many  other  ores  of  manganese,  especially 
manganese  dioxide,  contain  small  quantities  of  barium.  Barium 
also  occurs  as  an  essential  constituent  of  certain  silicates  ;  thus, 
for  instance,  brewsterite,  H^(Sr,Ba)A1.2SigOjg,3H20,  harmotome, 
H2(K2,Ba)Al2Si50j5,4H20,  and  hyalophane  or  baryta-felspar, 
(K2,Ba)2Al2Si8024.  Many  other  felspathic  rocks  also  contain 
traces  of  barium,  and  this  element  occurs  likewise  in  several 
other  minerals  and  in  some  soils.  It  is  also  found  not  un- 
frequently  in  the  ash  of  trees.  Traces  are  found  in  mineral 
waters  and  in  sea-water.  Thus,  for  instance,  the  old  sulphur 
well  at  Harrogate  contains  6'6  grains  of  barium  chloride  per 
gallon  (Hayton  Davis ),^  whilst  an  artesian  well  at  Ilkeston,^  and 
the  water  of  the  Boston  Spa,^  each  contain  about  40  parts 
of  barium  chloride  per  100,000.  From  sea-water,  barium  finds 
its  way  into  sea-plants,  and  in  smaller  quantities  into  the 
shells  and  skeletons  of  sea  animals. 

Pre2Mration  of  Metallic  Barium. — Davy's  first  attempts  to  ob- 
tain metallic  barium  by  the  electrolysis  of  baryta  were  not 
very  successful.     Afterwards  finding  that  this  did  not  succeed 


1  Thorpe,  Phil.  Mag.,  1876,  [5],  2,  52. 

2  White,  Analyst,  1899,  24,  67. 

^  Richards,  Analynt,  1901,  26,  68. 
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he  prepared  it  from  an  amalgam,  having  heard  from  Berzelius 
that  he  and  Pontin  had  succeeded  in  obtaining  it  in  that  way. 
Davy  repeated  these  experiments  and  electrolysed  baryta, 
barium  chloride,  and  other  barium  salts  in  presence  of  mercury, 
heating  the  amalgam  which  was  thus  formed  in  a  tube  contain- 
ing rock  oil,  when  the  barium  was  left  behind  as  a  silver-white 
powder.  Bunsen  ^  also  prepared  barium  amalgam  by  the  electro- 
lysis of  barium  chloride  in  presence  of  mercury,  and  attempted 
to  obtain  the  pure  metal  by  heating  this.  It  has,  however, 
been  found  that  the  metal  prepared  in  this  way  is  invariably 
impure,  and  cannot  be  obtained  quite  pure  even  by  distillation.^ 
Small  globules  of  impure  barium  were  obtained  by  Matthiessen^ 
by  the  electrolysis  of  fused  barium  chloride,  but  the  metal  was 
first  prepared  in  a  state  of  purity  by  Guntz,*  who  employed  the 
same  method  as  for  strontium  (p.  595).  Crude  barium,  obtained 
from  the  amalgam,  is  converted  into  the  hydride,  and  this  is 
melted  in  hydrogen  and  then  heated  to  1200°  in  vacuo.  The 
barium  volatilises,  and  is  condensed  on  a  polished  steel  tube. 
It  can  also  be  prepared  by  heating  baryta  with  10  per  cent, 
of  its  weight  of  aluminium  in  vacuo  at  1200°  and  redistilling 
in  vacuo.* 

Barium  is  a  silver-white  metal,  of  sp.  gr.  3'78,  melts  at  about 
850°,  and  boils  at  about  1150°.  It  rapidly  oxidises,  some- 
times inflaming  spontaneously  in  the  air,  and  decomposes  both 
water  and  alcohol.  It  combines  readily  with  hydrogen  and 
nitrogen  when  heated  in  these  gases. 


COMPOUNDS  OF  BARIUM. 

Barium  and  Oxygen. 

273  Barium  Suboxide,  BagO. — When  baryta  is  heated  to 
1100°  with  an  atomic  proportion  of  magnesium,  half  the 
magnesium  distils  off,  leaving  a  dark  coloured  residue,  which  is 
considered  by  Guntz  ^  to  be  a  mixture  of  barium  suboxide  and 
magnesia.    It  decomposes  water,  yielding  an  amount  of  hydrogen 

'  Pogg.  Ann.,  1854,  91,  619. 

3  Guntz,   Ann.   Chim.   Phys.,   1905,  [8],  4,    5  ;   Stansfield,  Mem.   Maneh. 
Phil.  Soc,  1901,  46,  No.  4. 
3  Annakn,  1855,  93,  277.  ^  Compt.  rend.,  1905,  141,  1240. 

'  Guntz,  Compt.  rend.,  1906,  143,  339. 
»  Compt.  rend.,  1906, 143,  339. 
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equivalent  to  half  the  barium  in  the  original  baryta,  and  absorbs 
both  nitrogen  and  hydrogen.  A  similar  dark-coloured  mass  is 
obtained  by  heating  barium  with  baryta. 

Barium  Monoxide  or  Barytco,  BaO,  is  formed  when  the 
metal  burns  in  the  air,  but  is  usually  obtained  by  heating  the 
nitrate  in  a  iron  crucible,  until  no  further  evolution  of  red 
fumes  is  observed.  The  mass  fuses  and  is  apt  to  froth  over 
unless  care  be  taken.  Mohr  has  proposed  to  mix  the  nitrate 
with  its  own  weight  of  sulphate  of  barium ;  this  prevents  the 
frothing,  and  for  many  purposes  the  presence  of  insoluble  barium 
sulphate  does  not  matter.  If  only  a  small  quantity  of  baryta  is 
required  it  it  best  obtained  by  igniting  the  iodate,  which  gives 
off  its  iodine  and  five-sixths  of  its  oxygen  without  fusing  or 
frothing : 

2Ba(I03)2  =  2BaO  +  2\  -f  50^. 

It  is  also  prepared  by  heating  barium  carbonate  to  a  white 
heat,  the  reaction  proceeding  more  readily  if  this  be  mixed  with 
one-tenth  of  its  weight  of  lamp-black  or  wood-charcoal,  carbon 
monoxide  being  then  evolved : 

BaC03-|-C  =  BaO-|-2CO. 

The  material  thus  obtained  sometimes  contains  a  small 
amount  of  barium  cyanide.  Baryta  is  thus  obtained  as  a 
greyish-white  porous  mass,  which  has  a  specific  gravity  of  4'73 
(Karsten),  5-46  (Filhol),  and  melts  at  about  2,000°,  crystallising 
on  cooling  in  cubes,  which  have  a  specific  gravity  of  5'72. 
It  combines  with  water  with  great  evolution  of  heat  forming 
the  hydroxide,  becoming  incandescent  if  only  sprinkled  with 
water.  It  also  unites  with  oxygen  at  a  red-heat,  the  oxygen 
being  evolved  on  further  heating,  and  it  has  therefore  been 
used  for  the  manufacture  of  oxygen  (Vol.  I.,  p.  246). 

Barium  Hydroxide,  Ba(0H)2,  is  formed  as  a  white  powder  by 
the  reaction  just  described.  The  hydroxide  melts  at  a  low  red- 
heat,  forming  an  oily  liquid,  which  on  cooling  solidifies  to  a 
crystalline  mass,  and  this  does  not  give  off  water  even  when 
more  strongly  heated.  It  is  prepared  on  the  large  scale  from 
barium  sulphide,  which  is  heated  in  earthenware  retorts,  into 
which  a  current  of  moist  carbon  dioxide  is  passed.  Superheated 
steam  is  then  passed  over  the  carbonate,  when  the  following 
decomposition  takes  place : 


BaCOg  +  Hp  =  Ba(0H)2  -f-  CO^ 
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It  may  also  be  prepared  on  the  large  scale  by  the  electrolysis 
of  a  solution  of  barium  hydrosulphide.i  It  has  a  specific  gravity 
of  4-495  (Filhol),  and  when  brought  into  contact  with  water 
forms  a  crystalline  hydrate,  Ba(OH)2,8H20.  This  hydrate  is 
soluble,  and  when  a  saturated  solution  is  cooled  it  separates 
out  in  tetragonal  prisms  which  are  isomorphous  with  strontium 
hydroxide.  On  exposure  to  air  these  crystals  fall  to  a  white 
powder  with  loss  of  seven  molecules  of  water,  forming  the  mono- 
hydrate.  They  melt  in  their  water  of  crystallisation  at  77-9" 
(Richards  and  Churchill),^  78°  under  732  mm.  pressure 
(Bauer); 3  this  solution  boils  at  103°,  and  at  109°  deposits 
rhombic  crystals  of  the  hydrate  with  SRfi,  which  lose  2H2O 
over  sulphuric  acid  (Bauer).  A  hydrate  with  I6H2O  is  also 
known.     One  hundred  parts  of  water  dissolve  : 

At  0°  20°  40°  60°  80° 

Ba(0H)2         1-6.5         3-9         SS         210         101-5  parts. 

A  solution  of  the  hydroxide  is  termed  baryta  luater,  and  is 
largely  used  in  the  processes  of  chemical  analysis.  It  has  a 
more  strongly  alkaline  reaction  than  lime  water,  and  rapidly 
absorbs  carbon  dioxide.  It  is  employed,  as  has  been  stated  in 
Vol.  I.,  p.  602,  for  the  estimation  of  the  carbon  dioxide  con- 
tained in  the  atmosphere,  for  which  purpose  it  must  be  free 
from  hydroxides  of  the  alkali  metals. 

Barmm  Dioxide,  BaOg. — When  heated  to  redness  in  a  current 
of  dry  oxygen,  pure  baryta  absorbs  the  gas  with  rapidity,  form- 
ing the  dioxide  (Gay-Lussac  and  Th^nard) ;  it  is  also  formed  by 
heating  baryta  and  potassium  chlorate  to  low  redness  (Liebig 
and  Wohler).  The  hydroxide  when  heated  to  redness  in  a 
current  of  air  also  yields  the  dioxide  (Boussingault).  In  Brin's 
process  for  the  manufacture  of  oxygen  it  is  obtained  as  an 
intermediate  product  by  heating  pieces  of  baryta  of  the  size 
of  walnuts  to  700°  in  steel  retorts,  and  passing  air  through  these 
under  an  additional  pressure  of  15  lb.  per  square  inch.  The 
product  obtained  by  any  of  these  methods  is  a  greyish  porous 
mass,  and  usually  contains  silica,  lime,  and  ■  also  ferric  oxide 
derived  from  the  vessels  in  which  it  is  prepared.  To  obtain 
it  in  the  pure  state  it  is  treated  in  the  manner  already 
described   under   hydrogen    peroxide    (Vol.  I.,   p.   338) ;   then 

1  Brocket  and  Ransom,  Compf.  rend.,  1903,  136,  1258. 
-  Zeil.  physikal.  Ghem.,  1898,  28,  31,3. 
3  Zeit.  anor<j.  Chem.,  1905,  47,  401. 
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when  dried  at  130"  it  forms  an  impalpable  white  powder,  which 
can  hardly  be  distinguished  from  magnesia.  It  can  readily  be 
prepared  on  the  small  scale  by  adding  hydrogen  peroxide  to  a 
solution  of  baryta  water.  It  fuses  at  a  bright  red-heat  with 
loss  of  one  atom  of  oxygen,  and  combines  with  water  to 
form  the  hydrate  BaOj.SHgO,  crystallising  in  microscopic 
hexagonal  plates,  which  are  only  very  slightly  soluble  in  water. 
It  also  appears  to  form  several  compounds  with  different  pro- 
portions of  hydrogen  peroxide.^ 


Barium  and  Hydrogen. 

274  Barium  Hydride,  BaH.j,  is  formed  when  barium 
amalgam  is  heated  in  an  iron  boat  to  1400°  in  a  current  of 
hydrogen.  It  forms  a  grey,  crystalline  mass  of  sp.  gr.  4'21, 
melts  at  about  1200"  and  is  decomposed  by  water.^  When 
heated  in  nitrogen,  hydrogen  is  evolved  and  the  nitride 
produced. 

Barium  and  the  Halogens. 

275  Barium  Chloride,  BaCU,  is  most  readily  obtained  by  dis- 
solving witherite  in  dilute  hydrochloric  acid.  As,  however,  this 
mineral  contains  calcium,  lead,  iron,  and  manganese  com- 
pounds, an  excess  of  barium  carbonate  is  added  to  the  solution 
and  the  liquid  allowed  to  remain  in  contact  with  it  for  some 
time.  In  this  way  the  oxides  of  the  above  metals  are  pre- 
cipitated, while  the  rapidity  of  the  precipitation  can  be  increased 
by  the  addition  of  a  small  quantity  of  baryta  water.  The  clear 
solution  is  then  neutralised  with  hydrochloric  acid  and  evapo- 
rated to  the  point  of  crystallisation.  On  the  large  scale  the  salt 
is  easily  prepared  from  heavy-spar.  For  this  purpose  100  parts 
of  the  finely  powdered  mineral  are  mixed  with  from  35  to  50 
parts  of  carbon,  from  15  to  25  parts  of  limestone,  and  from  40 
to  60  parts  of  calcium  chloride.  This  mixture  is  heated  in  a 
reverberatory  furnace,  and  the  mass  lixiviated  with  water,  when 
insoluble  calcium  sulphide  remains  behind  and  the  barium  dis- 
solves as  chloride. 

Barium  chloride  crystallises  with  2H2O  in  colourless  rhombic 

1  de  Forcrand,  Gompt.  rend.,  1900,  130,  716,  778,  8.34. 

■•' Guntz,    Gompt.    rend.,    1901,    132,     963;     Gautier,     ibid.,    1902,    134, 
1108. 
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tablets  (Fig.  155),  which  do  not  undergo  any  alteration  in  the 
air  and  have  a  specific  gravity  of  3'097.  100  parts  of  water 
dissolve  : 

At      10°      20°      30°      40°      50°      60°      70°      80°     90°      100°    104-1° 
BaClg  33-3  357  38-2  40-8  43'6  46'4  49-4  52'4  55-6  58-8  60-3. 

Barium  chloride  is  less  soluble  in  dilute  hydrochloric  acid  than 
it  is  in  water.  It  is  almost  insoluble  in  the  concentrated  acid, 
and  also  but  slightly  soluble  in  strong  nitric  acid,  and  for  this 
reason  these  acids  precipitate  concentrated  solutions  of  a  barium 
salt.  Absolute  alcohol  does  not  dissolve  barium  chloride,  and 
addition  of  alcohol  to  its  aqueous  solutions  precipitates  the  salt. 
Crystallised  barium  chloride  loses  its  water  at  a  temperature 
of  113°,  forming  the  anhydrous  salt  as  a  white  powder  of 
sp.  gr.  3'856,  which  melts  at  960°  (Ruff  and  Plato)  and  on 
cooling  solidifies  to  a  translucent  mass.  On  exposure  to  the  air 
the  chloride  in  a  state  of  fusion  parts  with  a  small  quantity  of 


Fig.  155. 

chlorine,  baryta  being  formed.  Hence  the  fused  salt  usually 
has  an  alkaline  reaction.  When  heated  in  a  current  of  steam 
it  emits  hydrochloric  acid  at  a  temperature  below  its  fusing 
point.  Barium  chloride  has  an  unpleasant  bitter  taste  and 
acts  as  a  powerful  poison.  Its  chief  use  is  for  the  preparation 
of  the  artificial  sulphate  or  permanent  white.  It  has  also  been 
successfully  employed  for  the  prevention  of  incrustation  in 
steam  boilers  when  permanently  hard  waters  are  used.  All 
the  gypsum  contained  in  solution  is  decomposed  by  barium 
chloride,  whilst  any  calcium  carbonate  present  in  solution  may 
be  subsequently  precipitated  by  milk  of  lime.  The  water  thus 
softened  forms  no  incrustation. 

Barium  Fluoride  melts  at  1280°,  the  bromide  at  880°,  and  the 
iodide  at  740°  (Ruff  and  Plato). 

Subhalogen  Salts  of  Barium. — Like  calcium  and  strontium, 
barium  appears  to  form  a  series  of  halogen  salts  in  which  it  is 
monovalent.  The  subchloride,  BaCl,  is  formed  at  the  cathode 
by  the  action  of  barium  on  the  chloride  during  the  electrolysis 
of  the   latter,   and   decomposes   water  readily.     A    series    of 
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crystalline  double  salts  with  the  halogen  salts  of  sodium  can 
be  obtained  by  heating  the  barium  halogen  salts  with  metallic 
sodium.  The  compound  BaCl,NaCl,  prepared  in  this  way 
decomposes  water,  loses  metallic  sodium  at  700°  in  vacuo,  and 
when  treated  with  mercury  yields  barium  amalgam.^ 

Barium  Chlorate,  Ba(C103)2,  is  obtained  by  adding  barium 
chloride  to  a  solution  of  sodium  chlorate,  double  decomposition 
taking  place : 

2NaC103  +  BaCl^  =  BaCClOs)^  +  2NaCl. 

The  solution  on  concentration  deposits  sodium  chloride,  which 
is  fished  out;  the  remaining  solution  is  then  evaporated  and 
the  barium  chlorate  purified  by  recrystallisation.  It  crystallises 
with  one  molecule  of  water  in  monoclinic  prisms  which  readily 
dissolve  in  water  and  alcohol,  the  latter  solution  burning  with  a 
characteristic  green  flame.  If  a  drop  of  sulphuric  acid  be 
brought  on  to  a  mixture  of  the  salt  and  powdered  sugar  it 
takes  fire  and  burns  with  a  bright  green  flame,  and  if  the 
chlorate  in  a  state  of  fusion  and  strongly  heated  be  plunged 
into  an  atmosphere  of  coal-gas,  combustion  also  takes  place, 
the  oxygen  of  the  chlorate  combining  with  the  carbon  and 
hydrogen  of  the  coal-gas.  It  is  largely  used  for  pyrotechnic 
purposes. 

Barium  lodate,  Ba(I0g)2. — This  salt  is  employed  for  the 
preparation  of  iodic  acid.  It  is  obtained  as  a  white  granular 
precipitate  by  adding  potassium  iodate  to  barium  chloride 
(Vol.  I.,  p.  367).  Barium  iodate  dissolves  in  about  4,500  parts 
of  cold  and  500  parts  of  boiling  water.  It  also  dissolves  in 
hot  nitric  acid,  from  which  solution  it  crystallises,  on  cooling,, 
with  one  molecule  of  water  in  bright  glittering  monoclinic 
prisms;  these  are  isomorphous  with  those  of  the  chlorate 
and  are  decomposed  by  hydrochloric  acid  with  evolution  of 
iodine. 


Barium  and  Sulphur. 

276  Barium  Monosulphide-,  BaS,  is  obtained  when  sulphuretted 
hydrogen  is  passed  over  heated  baryta  as  long  as  water  is  formed. 
On  the  large  scale  it  is  prepared  by  roasting  20  parts  of  slack 
or  pitch  with  100  parts  of  heavy  spar.     In  order  to  assist  the 

1  Guntz,  Com.pl.  rend.,  1903,  136,  749  ;  Haber  and  Tolloczko,  Zeit.  anorg. 
Oliem.,  1904,  41,  407. 
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evolution  of  the  carbon  dioxide  sawdust  may  be  added  to  the 
mixture.  It  can  be  obtained  crystalline^  by  fusing  the 
amorphous  salt  in  the  electric  furnace,  and  then  has  the  sp.  gr. 
4"3.  Barium  sulphide  decomposes  in  contact  with  water  into 
barium  hydroxide  and  barium  hydrosulphide : 

2BaS  +  2H2O  =  Ba(SH).^  +  BaCOH)^. 

When  a  solution  of  5  parts  of  the  sulphide  is  boiled  with  1 
part  of  sulphur,  and  the  solution  is  allowed  to  evaporate  in  a 
vacuum,  colourless,  transparent  six-sided  tables  of  BaS,6H20, 
or  possibly  BaSH(OH),5H20,  are  deposited.  When  these 
crystals  are  treated  with  a  small  quantity  of  water,  barium 
hydrosulphide  dissolves  and  barium  hydroxide  remains  behind. 

Barium  Hydrosulphide,  Ba(SH)2,  is  prepared  by  saturating 
water  with  barium  hydroxide  in  an  atmosphere  of  hydrogen  at 
100°,  and  passing  sulphuretted  hydrogen  free  from  oxygen 
through  the  solution  heated  to  60 — 70°  for  several  days.^  It 
crystallises  with  4H2O  in  aggregates  of  colourless,  spear-shaped 
needles,  which  dissolve  in  water  and  lose  sulphuretted  hydrogen 
readily  when  heated,  so  long  as  water  is  also  driven  off,  the 
sulphur  then  remaining  only  being  given  off  at  a  red  heat. 

Barium  Tetrasulphide,  BaS^,  is  obtained  by  boiling  aqueous 
solutions  of  the  sulphide  or  hydrosulphide  with  sulphur,  and 
forms  red  crystals,  containing  according  to  Schone  IHgO,  and 
according  to  Veley,  2H2O.  It  dissolves  in  water,  forming  a 
deep  red  solution.  A  barium  trisulphide  and  pentasulphidc  have 
also  been  described,  but  their  existence  is  doubtful. 

Bononian  Phosphorus. — The  Bononian  phosphorus  which  has 
been  already  mentioned  (p.  601)  is  best  prepared  by  heating 
5  parts  of  precipitated  barium  sulphate  together  with  1  part  of 
powdered  charcoal  over  an  ordinary  gas  flame  for  30  minutes, 
and  then  igniting  it  more  strongly  over  a  gas  blowpipe  for  ten 
minutes.  Whilst  hot  the  mass  must  be  filled  into  glass  tubes 
and  the  tubes  sealed.  After  exposure  to  sunlight  or  to  the 
light  of  burning  magnesium  wire  this  mass  phosphoresces  in  the 
dark  with  a  bright  orange-coloured  light.  The  pure  sulphide, 
like  pure  sulphide  of  calcium  and  of  strontium,  does  not  exhibit 
phosphorescence,  but  does  so  in  the  presence  of  small  quantities 
of  many  metallic  salts.^ 

'  Mourlot,  Compt.  rend.,  1898,  126,  643. 

2  Veley,  Joiirn.  Chem.  Soc,  1886,  49,  369. 

3  Lenard  and  Klatt,  Ann.  Phys.,  1904,  (4),  15,  225,  425. 
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Barium  Sulphate.,  BaSO,,  is  by  far  the  commonest  and  most 
widely  distributed  of  the  barium  compounds,  and  occurs  as  heavy- 
spar,  which  crystallises  in  the  rhombic  system,  Figs.  156—158. 
If  anhydrous  baryta  be  brought  into  contact  with  fuming 
sulphuric  acid,  or  even  with  sulphuric  acid  which  contains  a  small 
quantity  of  water,  combination  takes  place  with  such  rapidity 
that  the  mass  becomes  incandescent.  On  the  other  hand,  pure . 
sulphuric  acid  which  has  the  exact  composition,  H2S0^,  does 
not  act  upon  baryta,  but  if  the  mixture  be  touched  in  one 
place  with  a  hot  iron  or  with  a  moistened  glass-rod,  combination 
begins  and  is  at  once  propagated  throughout  the  mass 
(Kuhlman).  Sulphuric  acid  and  its  salts  precipitate  the  sul- 
phate from  a  solution  of  a  soluble  barium  salt  in  the  form  of  a 
crystalline  powder.     The  pure  mineral  heavy-spar  has  a  specific 
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gravity  of  4'486  (H.  Rose),  the  precipitated  salt  at  4°  having  a 
specific  gravity  of  4-53  (Schroder).  This  salt  is  almost  insoluble 
in  water,  1  litre  dissolving^  only  0'0024  gram  at  183°.  The 
solubility  is  greatly  influenced  by  the  size  of  the  particles  of 
the  solid  salt.-  It  is  somewhat  more  soluble  in  dilute  acids  and 
in  the  presence  of  many  salts,  e.g.,  sodium  thiosulphate.  Barium 
sulphate  is  precipitated  in  a  remarkable  gelatinous  form  when 
dilute  sulphuric  acid  is  added  to  a  solution  of  baryta  in  methyl 
alcohol,  which  when  dried  and  heated  forms  hard  masses  re- 
sembling porcelain.  A  number  of  other  salts  of  the  alkaline 
earth  metals  can  be  obtained  in  a  similar  form.^  If  a  salt  of 
barium  be  heated  with  concentrated  sulphuric  acid,  the  sulphate 
dissolves  to  a  certain  extent  and  separates  out  on  cooling  in 

^  Kuster,  Zeit.  anorg.  Ghem.,  1896,  12,  261. 

"  Hulett,  Zeit.  phydkal.  Chem.,  1901,  37,  398. 

'  Neuberg  and  Neimann,  Biochem.  Zeit.,  1906,  1,  166. 
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crystals  having  the  composition  HaSO^jBaSO^ ;  if  the  acid 
solution  be  exposed  to  moist  air  bright  silky  needles  are  formed 
having  the  composition  H2S04,BaSO^,2H20. 

The  crude  heavy-spar  is  prepared  for  use  as  a  paint,  either 
alone  or  along  with  white  lead,  by  being  finely  ground,  treated 
with  sulphuric  acid  to  remove  salts  of  iron,  washed  and  dried. 
Artificial  barium  sulphate  is  also  manufactured  on  a  large  scale 
and  is  known  as  permanent  white,  or  Uanc  flx6.  This  preparation 
is  largely  used  as  a  pigment  and  is  much  to  be  preferred  for  this 
purpose  to  the  finely  ground  mineral,  inasmuch  as  the  latter, 
with  its  denser  structure,  is  transparent  and  has  but  little 
"  body  "  or  covering  power.  In  order  to  prevent  the  formation 
of  finely  divided  crystals  a  solution  of  barium  chloride  having  a 
specific  gravity  of  1"19  is  precipitated  in  the  cold  with  dilute 
sulphuric  acid  having  a  specific  gravity  of  1'245.  The  pre- 
cipitate is  washed  with  cold  water  and  sent  to  market  in  the 
moist  state.  In  addition  to  its  value  as  a  paint,  blanc  fixe  is 
largely  used  for  giving  weight  to  cards  and  paper. 

Barium  Bisulphate,  BaSjO^. — If  powdered  barium  sulphate  is 
intimately  mixed  with  fuming  sulphuric  acid  it  dissolves,  form- 
ing a  syrup,  which  on  heating  to  150'  deposits  the  disulphate  in 
glistening  granular  crystals ;  these  do  not  melt  on  heating  but 
decompose  at  a  dull-red  heat. 

Barium  Dithionate,  BaS20g,2H20. — This  salt  is  prepared 
by  decomposing  the  corresponding  manganese  salt  with  barium 
sulphide.  On  allowing  the  solution  to  evaporate  in  a  warm 
place  glittering  rhombic  crystals  of  the  salt  are  deposited.  It 
dissolves  at  18°  in  404,  and  at  100°  in  11,  parts  of  water.  On 
heating  it  is  converted  without  change  of  form  into  barium 
sulphate. 

Barium  Peosulphate,  BaS-^Og,  is  obtained  by  the  action  of 
barium  hydroxide  on  ammonium  persulphate,  and  crystallises 
in  monoclinic  prisms  which  are  readily  soluble  in  water,  but 
gradually  decompose  on  keeping,  with  formation  of  barium 
sulphate. 

Baeium  and  Nitrogen. 

277  Barium  Nitride,  BagNg,  is  obtained  by  passing  nitrogen 
over  barium  of  barium  amalgam  heated  to  redness,  but  is  best 
prepared  by  heating  barium  amide  at  430°  in  a  vacuum.^     It 

1  Gimtz  and  Mentrel,  Brtll.  Soc.  <Mm.,  1903,' [.3],  29,  578, 
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forms  a  voluminous  yellow  powder,  which  volatilises  slightly  at 
1,000°  without  melting.  It  is  decomposed  by  water  with 
formation  of  ammonia  and  barium  hydroxide,  and  yields  barium 
cyanide  when  heated  in  a  current  of  carbonic  oxide.^ 

Barium  Azoimide,  Ba(N3)2,  obtained  from  ammonium  nitride 
solution  by  boiling  with  baryta,  forms  hard,  lustrous  crystals 
which  explode  at  217°. 

Barium  Amide,  Ba(NH2)2. — When  ammonia  is  passed  over 
cooled  metallic  barium  a  red  mass  and  then  a  blue  liquid  is 
formed,  which  is  regarded  by  Mentrel  ^  as  a  solution  of  barium 
ammonium,  BajGNHg  in  ammonia,  but  is  more  probably^  a 
solution  of  metallic  barium  in  liquid  ammonia  (see  p.  379). 
At  200°  ammonia  is  decomposed  by  barium  with  formation  of 
the  amide,*  which  is  a  greyish-white  mass  and  melts  at  280°. 

Barium  Nitrite,  Ba(N02)2,  can  be  readily  prepai'ed  by  bringing 
a  mixture  of  360  grams  of  sodium  nitrite  and  610  grams  of 
barium  chloride  into  a  boiling  solution  of  360  grams  of  sodium 
nitrite,  filtering  from  the  sodium  chloride  which  is  precipitated, 
cooling  and  recrystal Using.  It  crystallises  with  IHgO  in  prisms, 
and  serves  as  a  convenient  source  for  the  preparation  of  the 
nitrites  of  other  metals.^ 

Barium  Nitrate,  Ba(N03)2. — This  salt  is  prepared  on  the 
large  scale  either  by  decomposing  the  carbonate  or  sulphide  by 
dilute  nitric  acid,  or  by  mixing  hot  saturated  solutions  of  sodium 
nitrate  and  barium  chloride.  On  cooling,  the  larger  portion  of 
the  barium  nitrate  crystallises  out,  and  the  remaining  portion 
is  obtained  by  evaporating  the  mother  liquors.  Barium  nitrate 
crystallises  in  combinations  of  the  cube  and  octahedron,  and  in 
other  more  complicated  forms  of  the  regular  system  (Lewis). 
Its  specific  gravity  is  3'2 ;  it  possesses  an  acrid  taste  and  melts 
at  a  temperature  of  593°  (Carnelley).  100  parts  of  water  dis- 
solve : 


At              0° 

lO" 

20° 

50° 

80° 

100° 

102° 

;a(N03)2  5-0 

7-0 

9-2 

171 

27-0 

32-2 

34-8, 

The  salt  is  insoluble  in  concentrated  nitric  acid  and  in  absolute 
alcohol,  and  dissolves  only  sparingly  in  these  liquids  diluted  with 

1  Maqueniie,  Oompt.  rend.,  1892,  114,  25,  220. 
'-  Cmnpt.  rend.,  1902,  135,  740. 
3  Rufif  and  Geisel,  Ber.,  1906,  39,  828. 
*  Guntz  and  Mentrel,  Bull.  Soc.  chim.,  1903,  [3],  29,  578. 
'■  Witt  and  Ludwig,  Ber.,  1903,  36,  4384.     See  also  Arndt,  Zeit.  anorg. 
Ghcm.,  1901,  27,  341. 
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water.  Barium  nitrate  is  largely  used  for  pyrotechnic  purposes, 
especially  for  the  preparation  of  green  fire,  and  for  the  manu- 
facture of  an  explosive  powder  known  as  saxifragin,  which  con- 
sists of  a  mixture  of  76  parts  of  nitrate  of  barium,  22  parts  of 
carbon,  and  2  parts  of  nitre. 

Barium  and  Carbon. 

278  Barium  Carbide,  BaCg. — This  substance  is  obtained  by 
heating  baryta  with  charcoal  in  an  electric  furnace,  and  closely 
resembles  the  corresponding  calcium  compound.  Its  behaviour 
on  heating  in  nitrogen  is,  however,  different  from  that  of  calcium, 
which  forms  calcium  cyanamide.  Barium  carbide  forms  the 
cyanide :  ^ 

BaC2-|-N2  =  Ba(CN)2. 

Barium  Carhonate,  BaCOg. — Barium  carbonate  occurs  in 
nature  as  witherite.  This  mineral  was  discovered  at  Leadhills 
in  Scotland  by  Withering  in  the  year  1783.  It  crystallises  in 
rhombic  prisms  and  pyramids,  is  isomorphous  with  aragonite, 
and  is  chiefly  found  in  England,  one  of  its  most  celebrated 
localities  being  Fallowfield  in  Northumberland.  It  occurs  also 
in  Silesia,  Hungary,  Styria,  Russia,  Chili,  and  other  places. 
Alstonite,  (Ba,Ca)C03,  is  isomorphous  with  witherite,  and  con- 
tains the  two  metals  in  varying  proportions.  Baryto-calcite,  on 
the  other  hand,  has  the  formula  BaCOg.CaCOg,  and  crystal- 
lises in  the  monoclinic  system. 

Artificial  barium  carbonate  is  a  dense  white  powder  of  sp.  gr. 
4'275,  obtained  when  a  solution  of  chloride  of  barium  is  poured 
into  an  excess  of  a  hot  solution  of  ammonium  carbonate.  Barium 
carbonate  appears  to  undergo  a  polymorphic  change^  at  811°,  and 
does  not  melt  below  ],350°  when  heated  in  an  atmosphere  of 
carbon  dioxide.^  When  heated  Iq  the  air  a  basic  carbonate, 
BaOjBaCOg,  appears  to  be  formed,  which  melts  below  980°.  The 
dissociation  pressure  is  2'7  mm.  of  carbon  dioxide  at  1,000° 
and  381  mm.  at  1,300°. 

One  litre  of  water  dissolves  only  about  0'02  gram  of  barium 
carbonate  at  18°,  but  it  is  more  readily  soluble  in  water 
containing  carbonic  acid.      The  artificial  salt   is  employed  in 

irErlwein,  Zeit.  Elehrochem.,  1903,  9,  842. 
'  Boeke,  Zeit.  anorg.  Chem.,  1906,  50,  1244, 
■■'  Finkelstein,  Ber.,  1906,  39,  1585. 
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chemical  analysis,  and  powdered  witherite  in  the  preparation  of 
other  barium  salts  and  as  a  rat  bane. 

Bar  mm  Per  carbonate,  BaCO^,^  is  prepared  by  passing  carbon 
dioxide  into  cold  water  in  which  barium  peroxide  is  suspended. 
It  is  insoluble  in  water,  and  in  the  dried  condition  slowly  gives 
off  oxygen,  being  converted  into  the  carbonate- 

Silicates  of  Barium. — It  has  been  already  stated  that  many  of 
these  salts  occur  as  crystalline  minerals.  Barium  silicate  is  also 
a  constituent  of  baryta-glass,  a  flint  glass  in  which  the  lead  has 
been  replaced  by  barium  (p.  573). 

Detection  and  Estimation  of  Barium. 

279  The  non-luminous  gas-flame  is  coloured  a  yellowish- 
green  tint  when  any  volatile  barium  compound  is  brought  into  it. 
The  barium  compounds  yield  the  most  complicated  of  the  spectra 
of  the  alkalis  and  alkaline  earths.  The  spectrum  is,  however,  at 
once  distinguished  by  the  green  lines  Baa  and  Ba/3,  which  are 
by  far  the  most  distinct,  appearing  the  first  and  continuing 
during  the  whole  of  the  experiment.  Ba7  is  not  nearly  so 
distinct,  but  is  still  a  well-marked  and  characteristic  line.  As  the 
spectrum  of  the  barium  compounds  is  more  extended  than  the 
spectra  of  the  compounds  of  the  other  metals,  the  reaction  is 
not  observed  with  so  great  a  degree  of  delicacy,  but  it  appears 
from  Bunsen's  experiments  that  about  -^-^-^  of  a  milligram  of 
barium  salt  may  be  detected  with  the  greatest  certainty.  The 
chloride,  bromide,  iodide,  and  fluoride  of  barium,  as  well  as 
the  hydroxide,  the  sulphate,  and  carbonate,  show  the  reaction 
best.  It  may  be  obtained  by  simply  heating  any  of  these  salts 
in  the  flame.  Silicates  containing  barium  which  are  decom- 
posed by  hydrochloric  acid  give  the  reaction,  if  a  drop  of  hydro- 
chloric acid  is  added  to  them  before  they  are  brought  into  the 
flame.  Baryta-harmotome,  treated  in  this  way,  gives  the  lines 
Caa  and  Ca/9,  together  with  the  bands  Baa  and  Ba/3.  Com- 
pounds of  barium  with  fixed  acids,  giving  no  reaction  either 
when  alone  or  after  addition  of  hydrochloric  acid,  should  be 
fused  with  carbonate  of  sodium,  as  described  under  strontium, 
and  the  carbonate  of  barium  thus  obtained  examined.  If  barium 
and  strontium  occur  in  small  quantities  together  with  large 
amounts  of  calcium,  the  carbonates  obtained  by  fusion  are  dis- 
solved in  nitric  acid  and  the  dry  salt  extracted  with  alcohol ; 

*  D.  R.  P.,  178019, 
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the  residue  contains  only  barium  and  strontium,  both  of  which 
can  almost  always  be  detected.  To  test  for  very  small  traces  of 
strontium  or  barium,  the  residual  niti-ates  are  converted  into 
chlorides  by  ignition  with  sal-ammoniac,  and  the  chloride  of 
strontium  is  extracted  by  alcohol.  Unless  one  or  more  of 
the  bodies  to  be  detected  is  present  in  very  small  quantities, 
the  methods  of  separation  just  described  are  quite  unnecessary. 
The  detection  of  these  three  metals  by  the  spectroscope  is 
much  facilitated  by  the  use  of  a  special  burner  in  which  a  spray 
of  the  solution  of  the  salts  to  be  examined  is  brought  into  the 
flame.^ 

Soluble  barium  salts  are  distinguished  from  those  of  stron- 
tium and  calcium,  inasmuch  as  they  are  immediately  pre- 
cipitated by  a  solution  of  calcium  sulphate.  The  qualitative 
separation  of  barium  from  strontium  and  calcium  is  usually 
effected  by  the  addition  of  potassium  chromate  to  a  solution  of 
the  mixed  salts  containing  acetic  acid,  barium  chromate  being 
precipitated.  Barium  and  strontium  may  be  separated  by 
treating  the  mixed  chlorides  with  absolute  alcohol,  or  preferably 
by  the  action  of  amyl  alcohol  on  the  mixed  bromides,^  the  barium 
salt  being  almost  insoluble  in  both  solvents.  For  quantitative 
estimation  barium  is  almost  always  weighed  as  the  sulphate, 
but  in  some  special  cases  as  the  carbonate. 

Atomic  Weight  of  Barium. — The  atomic  weight  of  barium 
was  determined  by  Marignac  from  the  exact  quantity  of  silver 
required  to  precipitate  a  known  weight  of  crystallised  barium 
chloride,  and  also  from  the  weight  of  barium  sulphate 
obtained  from  the  same  salt,  the  number  obtained  being 
136'15.  Richards^  subsequently  redetermined  the  atomic 
weight  by  ascertaining  the  equivalent  of  both  barium  chloride 
and  bromide  to  silver  and  silver  chloride  or  bromide,  and 
the  results,  which  agree  very  closely,  give  the  average  number 
Ba  187-37,  which  is  now  (1913)  adopted. 

1  Riesenfeld  and  Wohlers,  Ber.,  1906,  39,  2628. 

2  Browning,  Amer.  J.  Sci.,  189.3,  44,  459. 

3  Zeit.  anorcj.  Chem. ,  1892,  3,  441 ;  1893,  6,  89. 
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THE   MAGNESIUM  GROUP. 

280  The  elements  of  this  sub-group  differ  from  the  metals  of 
the  alkaline  earths  more  especially  in  the  properties  of  the  metals 
themselves,  which  are  much  more  readily  obtained  in  the  free 
state  and  only  undergo  at  most  a  slight  superficial  oxidation 
in  the  air  at  the  ordinary  temperature.  At  higher  tempera- 
tures they  combine  with  oxygen,  forming  the  oxide  correspond- 
ing to  the  divalent  series  of  salts,  and  magnesium  and  zinc 
slowly  decompose  water  at  the  boiling  point.  They  are 
colourless  and  ductile  metals,  the  melting  and  boiling  points 
of  which  fall  with  increasing  atomic  weight,  mercury  being 
a  liquid  at  the  ordinary  temperature,  whilst  it  solidifies  at 
a  low  temperature  to  a  malleable  solid.  Most  of  the  salts 
closely  resemble  the  corresponding  salts  of  the  alkaline  earth 
metals,  except  that  they  exhibit  a  greater  tendency  to  form  basic 
salts,  and  that  the  sulphates  are  readily  soluble  in  water,  and 
yield  crystalline  double  salts.  Mercuric  sulphate  forms  an 
exception,  as  it  is  converted  by  water  into  an  insoluble  basic  salt 
and  a  soluble  acid  salt,  and  mercury  also  differs  from  the  other 
metals  inasmuch  as  it  forms  a  series  of  stable  salts  in  which 
each  atom  of  the  metal  replaces  only  one  atom  of  hydrogen,  in 
addition  to  the  series  common  to  all  the  members  of  the  group, 
in  which  the  metal  is  divalent.  Some  of  the  magnesium,  zinc, 
and  cadmium  compounds  combine  with  ammonia  forming 
derivatives  analogous  to  the  ammoniacal  copper  compounds, 
mercury,  in  particular,  yielding  a  large  series  of  such  derivatives. 


GLUCINUM    OR  BERYLLIUM.     Gl  =  9-i. 

281  Vauqnelin  in  1798  was  the  first  to  detect  the  existence  of 
the  oxide  of  this  metal  in  beryl,  this  mineral  having  formerly 
been  regarded  as  a  compound  of  silica  with  lime  or  alumina. 
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The  earth  contained  in  beryl  was  shown  by  Vauquelin  to 
be  a  distinct  body,  differing  from  both  lime  and  alumina,  in- 
asmuch as  it  formed  a  soluble  sulphate  which  was  incapable  of 
uniting  with  potassium  sulphate  to  form  an  alum.  Haiiy  had 
previously  observed  that  emerald  was  mineralogically  identical 
with  beryl,  and  on  examining  the  former  mineral  Vauquelin 
found  that  it  likewise  contained  the  new  earth.  He  did  not 
give  any  special  name  to  this  new  earth,  but  the  editors  of  the 
Annales  de  Chiviie  gave  it  the  name  of  glucina  from  yXvKvii 
sweet,  because  its  salts  possessed  a  peculiar  sweet  taste.  As, 
however,  there  are  other  salts  which  possess  the  same  property, 
the  name  beryllia,  derived  from  the  mineral,  was  given  to  it  by 
the  German  chemists.  The  metal  has  likewise  received  two 
names,  glucinum  and  beryllium,  the  former  of  which  is  to  be 
preferred  on  historical  grounds  and  is  adopted  here,  although  the 
latter  is  still  employed  by  chemists  in  Germany. 

Glucinum  occurs  in  many  minerals,  especially  in  beryl, 
GlgAlgSigOig  =  3G10,Al203,6Si02,  crystallising  in  hexagonal 
prisms.  Figs.  159,   160,   and    161    (Class   27,   p.    201),   which 


Fi«.  1.59. 


Fifi.  160. 


Fin.  161. 


usually  have  a  green  colour,  colourless  beryl  being  seldom  met 
with.  The  transparent  green-coloured  varieties  of  beryl  are 
known  as  emerald,  those  possessing  a  bluish-green  tint  being 
termed  aquamarine ;  the  green  colour  of  emerald  is  probably  due 
to  traces  of  chromium.  Beryl  occurs  also  of  a  blue,  yellow,  grey, 
and  rose-red  tint.  When  the  mineral  is  transparent  it  is  termed 
precious  beryl :  when  translucent  or  opaque  it  is  known  as  com- 
mon beryl.  Glucinum  also  occurs  in  leucophane,  NaCaGlF(Si03)2 ; 
in  phenacite,  GUSiO^ ;  euclase,  H20,2G10,Al203,2Si02 ;  and 
chrysoberyl,  G10,Al203,  as  well  as  in  other  minerals. 

Metallic  Glucimim  was  first  obtained  by  Wohler  in  the  year 
1828  by  fusing  the  chloride  with  potassium.     Prepared  in  this 
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way  glucinum  is  a  dark-grey  powder,  which  under  the  burnisher 
assumes  a  bright  metallic  lustre.^ 

Debray  first  obtained  the  metal  in  a  coherent  state  by 
placing  in  a  glass  tube  two  or  more  boats  made  of  a  mixture  of 
clay  and  lime,  the  first  containing  glucinum  chloride  and  the 
others  metallic  sodium.  The  air  having  been  replaced  by  dry 
hydrogen,  the  boafcs  were  heated,  by  which  means  the  glucinum 
chloride  was  vaporised  and  then  reduced  by  the  melted  sodium. 
Later,  Nilson  and  Pettersson  ^  prepared  it  by  heating  potassium 
glucinum  fluoride  with  the  calculated  quantity  of  sodium  in  a 
steel  crucible.  Glucinum  can  also  be  prepared  by  the  electrolysis 
of  a  fused  mixture  of  the  chloride  with  sodium  chloride  and  am- 
monium chloride,^  or  of  the  fused  double  fluorides,  GlF2,2NaF,  or 
GlFgjNaF,  the  pure  halogen  salts  oS'ering  too  great  a  resistance 
to  the  current.*  The  metal  has  a  specific  gravity  of  1'93,  and  a 
specific  heat  of  0'4246  (Nilson  and  Pettersson),  giving  an 
atomic  heat  of  3'9  (see  p.  19).  It  is  a  hard  metal,  possesses  a 
bright  silver-white  colour,^  melts  at  a  lower  temperature  than 
silver,  and  when  heated  before  the  blowpipe  becomes  covered  with 
a  film  of  oxide  which  prevents  further  oxidation.  In  the  finely 
powdered  state,  on  the_  other  hand,  it  takes  fire  when  heated 
in  the  air  and  burns  with  great  brilliancy.  The  powdered 
metal  dissolves  in  dilute  acids  ;  the  compact  form  is  readily 
soluble  in  dilute  hydrochloric  acid,  but  dilute  sulphuric  acid 
dissolves  it  only  when  warm,  whilst  concentrated  nitric  acid 
does  not  attack  it  in  the  cold,  and"  on  heating  does  so  only 
slowly.  The  metal  does  not  decompose  water  even  at  a  red 
heat  (Debray).  Ammonia  does  not  act  either,  on  the  powder 
or  on  the  compact  metal,  but  both  forms  dissolve  readily  in 
caustic  potash  with  evolution  of- hydrogen. 

1  Ann.  Chim.  Phys.,  18.55  (.3);  44,  5. 

2  Ann.  Phys.  Ghtm.,  1878,  4,  554. 

'  Borchers,  Journ.  Chem.  Soc,  1896,  70,  ii.,  521. 

*  Lebeau,  Compt.  rend.,  1898,  126,  744.  Compare  Warren,  Ghem.  News, 
1895,  72,  310. 

^  Compare  on  this  point  Kahlbaum  and  Sturm,  Zeit.  anorrj.  Chem.,  1905, 
46,  237. 
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GLUCINUM    COMPOUNDS. 

Glucinum  and  Oxygen. 

282  Glucinum  Oxide,  Ghicina,  or  Beryllia,  BeO. — To  obtain 
this  earth  from  beryl  the  latter  is  fused  with  twice  its  weight  of 
potassium  carbonate  and  the  melt  treated  with  sulphuric  acid  ; 
the  excess  of  acid  is  evaporated  off,  water  added,  the  silica 
removed  by  filtration  and  the  solution  concentrated.  Almost 
the  whole  of  the  aluminium  separates  out  on  cooling  as  alum, 
and  the  mother  liquor  then  contains  chiefly  the  sulphates  of 
glucinum  and  iron  with  small  quantities  of  alum.  To  separate 
the  glucinum  advantage  is  taken  of  the  solubility  of  glucinum 
hydroxide  and  carbonate  in  an  excess  of  ammonium  carbonate 
solution,  the  iron  and  alumina  being  left  for  the  most  part  un- 
dissolved. In  carrying  out  the  separation  the  mother-liquor  is 
poured  into  a  concentrated  solution  of  ammonium  carbonate, 
the  liquid  allowed  to  stand  for  several  days,  and  the  precipitated 
iron  and  aluminium  salts  filtered  off.  The  filtrate  on  boiling 
deposits  a  basic  glucinum  carbonate  together  with  a  little  ferric 
hydroxide.^ 

To  prepare  pure  glucina  from  this  precipitate,  it  is  redis- 
solved  in  ammonium  carbonate  solution,  and  a  strong  current 
of  steam  blown  through  the  liquid,  which  precipitates  the 
glucina;  this  process  is  repeated  several  times,  and  the  final 
precipitate  is  dissolved  in  hydrochloric  acid,  precipitated  with 
ammonia,  washed,  and  dried.^  According  to  Kruss^  it  then 
still  contains  a  small  quantity  of  impurity,  which  is  removed  by 
redissolving  in  ammonium  carbonate  solution,  adding  a  little 
ammonium  sulphide,  and  allowing  it  to  stand  for  several  days. 
A  slight  black  precipitate  is  formed,  and  the  filtered  solution 
yields  pure  glucina. 

According  to  Gibson  the  best  method  of  preparing  glucina 
from  beiyl  is  as  follows  : — Coarsely  powdered  beryl  is  heated 
with  6  parts  of  ammonium  hydrogen  fluoride  for  10 — 12  hours 
at  a  heat  not  exceeding  dull  redness.  The  aluminium  is  thus' 
almost  completely  converted  into  insoluble  aluminium  fluoride, 
and  the  residue  on  treatment  with  water  yields  a  solution  con- 

1  Joy,  Amer.  J.  Set.,  1863  (2),  6,  83. 

=  Humpi.lge,  Proc.  Roy.  Soc,  1886,  39,  I. 

3  Ber.,  1890,  23,  727, 
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taining  chiefly  glucinum  and  iron  fluorides.  This  is  evaporated 
to  dryness,  and  heated  with  strong  sulphuric  acid  until  the 
ferric  sulphate  formed  commences  to  decompose,  fluorine  and 
silicon  being  thus  completely  removed.  The  solution  obtained 
on  adding  water  is  boiled  with  nitric  acid  to  oxidise  the  iron  to 
the  ferric  state,  and  the  filtered  liquid  poured  into  an  excess  of 
concentrated  ammonium  carbonate  solution.  The  bulk  of  the 
iron  separates  on  addition  of  an  equal  volume  of  hot  water,  and 
the  filtrate  is  then  mixed  with  an  excess  of  mercuric  chloride 
and  precipitated  with  ammonium  sulphide,  the  whole  of  the 
iron  coming  down  together  with  the  mercuric  sulphide,  whereas 
it  is  only  partially  precipitated  if  no  mercuric  chloride  be  first 
added.  The  filtered  solution  is  boiled  to  precipitate  the  basic 
glucinum  carbonate,  which  on  ignition  yields  pure  glucina,  any 
traces  of  ammonium  and  mercury  salts  being  volatilised  with 
the  carbon  dioxide.^ 

To  prepare  glucina  from  leucophane,  the  latter,  after  separa- 
tion from  admixed  tourmaline,  is  heated  with  sulphuric  acid  to 
remove  fluorine,  the  excess  of  acid  boiled  off,  the  residue  boiled 
with  water,  and  the  filtered  extract  added  to  an  excess  of 
ammonium  carbonate  solution.  After  ten  days  the  solution  is 
filtered,  the  filtrate  boiled,  and  the  precipitated  crude  basic 
glucinum  carbonate  treated  in  the  manner  already  described.^ 

Glucina  is  a  white  amorphous  powder  having  a  specific 
gravity  of  3'016,  which  when  heated  to  the  highest  temperature 
of  a  wind  furnace  assumes  the  form  of  microscopic  prisms  re- 
sembling corundum  (Rose).  It  may  be  easily  obtained  in  this 
form  by  the  ignition  of  a  mixture  of  glucinum  and  potassium 
sulphates  (Debray),  and  when  fused  in  the  electric  arc  forms 
a  crystalline  mass,^  harder  than  ruby,  which  has  the  specific 
gravity  8025.  It  is  insoluble  in  water,  and  only  dissolves  in 
dilute  acids  when  it  has  not  been  strongly  ignited.  Concen- 
trated boiling  sulphuric  acid  dissolves  it  easily,  and  if  it  be 
fused  with  an  alkali,  and  the  cold  mass  treated  with  water,  the 
glucina  goes  into  solution. 

Glucinum  Hydroxide,  G1(0H)2. — This  is  thrown  down  as  a 
gelatinous  precipitate  when  a  glucinum  salt  is  precipitated  with 
ammonia.     This  precipitate  is  soluble  in  acids,  caustic  alkalis, 

1  Joum.  Chem.  Soc,  1893,  63,  909.     Compare  Lebeau,  Compt.  rend,,  1895, 
121,  641 ;  Pollok,  Joum.  Ohem.  8oc.,  1904,'.85,  603. 
-  KriiRs  and  Moraht,  Ber.,  1890,  23,  727' 
3  Lebeau,  Co7npt.  rend.,  1896,  123,  818. 
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and  alkali  carbonates,  but  when  heated  with  water  or  dilute 
ammonia,  or  when  preserved  dry,  it  gradually  becomes  much  less 
soluble.^  On  drying  it  forms  a  voluminous  white  powder  which 
is  converted  into  the  oxide  by  ignition. 

Salts  of  Glucinum. 

283  Ghicimtm  Chloride,  GlClj,  is  obtained  in  the  form  of 
snow-white  needle-shaped  crystals  when  a  mixture  of  the  oxide 
and  sugar  charcoal  is  ignited  in  a  current  of  dry  chlorine  or 
hydrochloric  acid  gas.  It  melts  at  440"  (Lebeau)  and  boils  at 
about  520°  (Nilson  and  Pettersson),  and  the  specific  gravity  of 
its  vapour^  is  2^72,  corresponding  to  the  formula  GlClj.  In 
moist  air  it  fumes  similarly  to  phosphorus  pentachloride.  It  is 
deliquescent,  and  dissolves  in  water  with  evolution  of  heat,  the 
solution  having  an  acid  reaction,  owing  to  hydrolysis.  When 
the  aqueous  solution  is  allowed  to  evaporate  over  sulphuric  acid, 
colourless  crystals  of  the  hydrated  chloride,  GlCl2,4H20,  separate 
out.  A  basic  chloride  is  obtained  by  evaporating  the  solution 
to  dryness.  Glucinum  chloride  forms  double  salts  with  iodine 
trichloride,'  platinum  chloride,  tin  chloride,  and  mercuric 
chloride.  Several  basic  chlorides  have  also  been  described  ; 
they  are,  however,  not  well  defined. 

The  iodide,  Gllg,  melts  at  about  510°,  and  its  vapour  burns  in 
the  air  when  strongly  heated.   The  hromide-,  GlBr^,  sublimes  with- 
,    out  melting  at  450°.     The  fluoride,  GlFg,  melts  at  about  800°, 
and  is  converted  by  oxygen  into  the  oxyfluoride.* 

Sulphates  of  Glucinum. — The  normal  salt,  G1S04,4H20,  crys- 
tallises from  a  hot  saturated  solution  in  tetragonal  pyramids 
which  dissolve  at  the  ordinary  temperature  in  their  own  weight 
of  water,  possess  a  sweet  taste,  and  effloresce  on  exposure  to  the 
air.  When  heated  they  first  melt  in  their  water  of  crystallisa- 
tion, leaving  the  anhydrous  salt  on  further  heating,  which 
decomposes  at  a  red  heat,  glucina  remaining  behind.  In 
contact  with  a  saturated  Solution  this  hydrate  passes  at  about 
112°  into  the  dihydrate,  which  is  stable  in  dry  air  and  melts  at 
158°,  yielding  the  monohydrate,  which  loses  all  its  water  at 

^  Hahn  and  van  Oordt,  Zeit.  anorg.  Ohem.,  1904,  38,  377;  van  Oordt, 
German  Patent,  165488  (19/12/03). 

^  Humpidge,  Proc.  Roy.  Soc,  1885,  38,  188;  Nilson  and  Pettersson  Ber., 
1884,  17,  987. 

^  Weinland  and  Schlegelmileli,  Zeit.  anorg.  Chem.,  1902,  30,  134. 

*  Lebeau,  Coinpt.  rend.,  1898,  126,  1272,  1418. 
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220° ;  a  hexahydrate  also  exists.^  The  sulphate  does  not  form 
mixed  crystals  with  the  sulphates  of  copper,  nickel,  iron,  &c., 
and  differs  in  this  respect  from  the  sulphates  of  the  magnesium 
group  of  metals. - 

Glucinum  readily  forms  basic  sulpTiates,  which  are  obtained 
by  boiling  the  normal  sulphate  with  glucinum  carbonate  or 
hydroxide ;  they  form  gelatinous  or  gum-like  masses,  and  are 
probably  not  definite  compounds,  but  are  more  probably  solid 
solutions  of  the  hydroxide  and  sulphate. 

Glucinum  Nitrate,  Gl(NOg)2,3H20,  crystallises  with  difficulty. 
It  is  extremely  deliquescent,  and  is  easily  soluble  in  alcohol. 
When  heated  for  twenty  hours  on  the  water-bath  a  thick  mass 
of  the  basic  salt,  Gi(OH)N03,H20,  is  obtained,  which  is  readily 
soluble  in  water.     On  heating  to  200°  the  oxide  is  produced. 

Glucinum  Gctrhide,  GlCg,  is  obtained  by  heating  glucina  with 
sugar  charcoal,  and  a  little  oil,  to  a  very  high  temperature  in 
the  electric  furnace.  It  forms  transparent  yellowish-brown 
microscopic  crystals,  which  are  slowly  decomposed  by  water  and 
dilute  acids  with  evolution  of  pure  methane.^ 

Glucimtm  Borocarhide,  C^BgGlg,  is  produced  when  glucina  is 
heated  with  boron  in  a  carbon  boat  in  the  electric  furnace.  It 
forms  a  hard  crystalline  mass,  which  is  not  attacked  by  water, 
and  is  only  superficially  oxidised  when  heated  in  oxygen.* 

Carhoncdes  of  Glucinum  .—H\ie  normal  carbonate,  G1C03,4H20, 
is  obtained  by  passing  carbon  dioxide  for  a  considerable  time 
through  water  containing  basic  carbonate  of  glucinum  in 
suspension.  The  solution  is  allowed  to  evaporate  over  sul- 
phuric acid  in  an  atmosphere  of  carbon  dioxide.  Crystals  are 
then  formed  which  readily  decompose  with  evolution  of  carbon 
dioxide. 

When  a  solution  of  a  glucinum  salt  is  added  to  an  alkali 
carbonate,  or  when  a  solution  of  the  oxide  in  ammonium  car- 
bonate is  boiled,  a  basic  carbonate  of  varying  composition 
separates  out  as  a  white  powder. 

'  Levi-Malvano,  Zeit.  anortj.    Ckem.,    1906,  48,  446;   Parsons,  /.  Amer. 
C'hem.  Soc,  1904,  26,  1433. 
^  Retgers,  Zeit.  physihal.  Chem.,  1896,  20,  481. 
3  Lebeau,  Compl.  rend.,  1895,  121,  496;  Henry,  ibid.,  600. 
^  Lebeau,  Compt.  raid.,  1898,  126,  1347. 
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Detection  and  Estimation  of  Glucinum. 

284  The  salts  of  this  metal  do  not  impart  any  tint  to  the 
non-luminous  gas-flame.  The  glucinum  spark  spectrum  contains 
two  characteristic  bright  lines  in  the  blue,  having  a  wave-length 
of  4,673  and  4,489  (Kirchhoff  and  Thalen).  These  lines  are, 
however,  not  seen  when  the  chloride  is  volatilised  in  the  electric 
arc  (Bunsen). 

Glucinum  may  be  readily  separated  from  all  other  metals  by 
the  fact  that  its  oxide  is  soluble  in  ammonium  carbonate  solu- 
tion. In  the  process  of  analysis  it  is  precipitated  together  with 
alumina,  and  it  may  bo  separated  from  this  earth  by  treatment 
with  ammonium  carbonate.  For  quantitative  estimation  and 
for  separation  from  alumina  and  ferric  oxide  the  method  pro- 
posed by  Joy  may  be  employed.  The  precipitate  is  treated 
with  ammonium  carbonate,  the  filtrate  boiled,  and  the  pre- 
cipitated basic  carbonate  of  glucinum  converted  by  ignition 
into  the  oxide,  which  is  weighed.  The  metal  can  also  be 
separated  from  aluminium  by  boiling  the  neutral  solution  with 
sodium  thiosulphate,  which  precipitates  aluminium  hydroxide.^ 

Glucinum  can  be  quantitatively  precipitated  as  hydroxide  by 
ammonia  or  by  a  boiling  solution  of  iodate  and  iodide  of 
potassium  (Glassmann). 

The  Atomic  Weight  of  glucinum  has  been  determined  by 
Nilson  and  Pettersson  ^  by  analysis  of  the  sulphate,  and  found 
to  be  9'04,  whilst  Kriiss  and  Moraht^  by  the  same  method 
found  it  to  be  8'99.  Parsons,*  by  the  analysis  of  certain 
organic  derivatives,  the  acetylacetonate  and  the  basic  acetate, 
has  obtained  the  number  91  (0  =  16),  which  is  now  (1913) 
adopted  as  the  most  probable  value. 


MAGNESIUM.     Mg  =  24-32. 

285  Nehemiah  Grew,  a  London  physician  living  in  the  seven- 
teenth century  and  for  some  time  secretary  of  the  Royal  Society, 
published  in  the  year  1695  an  account  of  a  peculiar  salt  found 
in  the  well-known  mineral  spring  at  Epsom  under  the  title  "  Be 

1  Glassmann,  Ber.,  1906,  39,  3366. 

2  Ber.,  1880,  13,  1451.  •->  Ibid.,  1890,  23,  2556. 

«  J.  Amer.  Chem.  Soc,  1904,  26,  721  ;  Zeit.  amrg.  Chem.,  1905,  46,  215. 
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salis  carthartici  in  aquis  Ehshaniensibus  et  alius  contenti  natura 
et  usit,."  The  medicinal  value  of  this  salt  soon  afterwards 
became  widely  celebrated,  and  the  salt  was  known  in  England 
as  Epsom-salts,  and  on  the  continent  as  English-salt.  The 
presence  of  the  same  substance  was  soon  afberwards  detected  in 
other  English  mineral  springs,  and  George  and  Francis  Moult  in 
the  year  1700  established  a  large  manufactory  of  the  salt  near 
London,  obtaining  it  from  a  spring  at  Shooter's  Hill.  In  1710 
Hoy  discovered  that  the  same  salt  could  be  obtained  by  crystal- 
lisation from  the  mother-liquors  of  sea-water  after  addition  of 
green  vitriol  (ferrous  sulphate).  The  same  salt  was  subsequently 
shown  by  Fr.  Hoffmann  to  exist  in  the  Seidlitz  mineral  water. 
Another  compound  of  magnesium  having  medicinal  value  was 
also  discovered  at  the  beginning  of  the  eighteenth  century  by 
a  Roman  ecclesiastic,  and  termed  by  him  magnesia  alba.  Why 
this  name  was  given  to  it  in  contrast  to  magnesia  nigra — as 
black  oxide  of  manganese  was  then  called — is  not  known.  The 
mode  of  preparation  of  this  substance  was  for  some  years  kept 
secret,  until  in  the  year  1707  Valentini,  of  Giessen,  pointed  out 
that  magnesia  alba  could  be  obtained  by  boiling  down  the  mother- 
liquors  from  the  preparation  of  nitre  and  igniting  the  residual 
products.  Shortly  afterwards,  in  1709,  Slevogt,  of  Jena,  pre- 
pared the  same  substance  by  the  precipitation  of  saltpetre 
mother-liquors  with  a  fixed  alkali.  The  substance  thus  obtained 
was  a  mixture  of  calcium  carbonate  and  magnesium  carbonate 
in  varying  proportions;  hence  its  medicinal  action  was  very 
variable,  and  a  satisfactory  discrimination  between  lime  and 
magnesia  was  rendered  more  difficult.  The  distinction  between 
these  two  earths  was  first  clearly  pointed  out  by  Black  in  the 
year  1755.  He  showed  that  white  magnesia  was  a  compound  of 
fixed  air  with  a  peculiar  earth,  which  differed  from  lime  in 
yielding  a  soluble  sulphate.  The  properties  of  the  new  earth 
were  subsequently  more  completely  investigated  by  Bergman  in 
1775,  but  Black  retained  for  it  the  name  of  magnesia.  When 
Davy  proved  that  this  earth  was  the  oxide  of  a  metal,  the  name 
of  magniwn  was  given  by  him  to  this  metal,  the  name  mag- 
nesium or  manganesium  being  at  that  time  used  to  designate 
the  metal  contained  in  pyrolusite.  This  confusion  was  put  an 
end  to  by  the  general  adoption  of  the  name  magnesium  for  the 
metal  contained  in  magnesia  alba,  and  of  manganese  for  that 
contained  in  pyrolusite. 

Magnesium  is  a  metal  widely  distributed  in  nature.     It  is 
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found  as  magnesite,  MgCO^ ;  dolomite,  MgCa(C03)2 ;  kieserite, 
ngSO^.H^O  ;  epsomite,  MgSO^YHp ;  kainite,  MgSO^K^SO,, 
MgClg.eHp ;  carnallite,  MgCl^.KCf.eHaO  ;  spinel,  MgO,Al203 ; 
asbestos,  CaMg3(Si03)4 ;  talc,  H2Mg3(Si03)4 ;  meerschaum, 
H2Mg2(Si03)3,H20,  and  as  the  chief  constituent  of  many  silicates, 
such  as  augite,  olivine,  tourmaline,  and  serpentine,  while  it  is 
contained  in  smaller  quantities  in  most  of  the  other  silicates. 

Magnesium  sulphate,  MgSO^,  is  a  chief  constituent  of  certain 
saline  springs,  whilst  the  chloride,  MgClg,  occurs  in  salterns  and 
in  sea-water.  Magnesium  is  also  found  in  the  animal  and 
vegetable  worlds.  The  bones  of  animals  and  the  seeds  of  the 
cereals  contain  small  quantities  of  magnesium  phosphate,  and 
ammonium  magnesium  phosphate  separates  out  from  urine 
on  standing,  thus  giving  rise  to  many  urinary  deposits  as  well 
as  to  gravel  and  stone.  The  same  salt  likewise  occurs  in 
guano. 

286  Preparation  of  Metallic  Magnesium. — Davy  was  the  first  to 
prepare  metallic  magnesium,  but  he  did  not  obtain  it  in  the 
pure  state.  It  was  first  obtained  as  a  coherent  metal  by 
Bussy,!  who  fused  the  anhydrous  chloride  of  magnesium  with 
potassium.  Bunsen  afterwards  obtained  it  by  the  electrolysis 
of  magnesium  chloride,  which  for  this  purpose  was  fused  in 
a  porcelain  crucible^  (Fig-  162) :  the  carbon  ofthe  negative  pole 
was  cut  so  as  to  form  pockets,  as  shown  in  Fig.  163,  inside  which 
the  metal  was  deposited  :  unless  this  precaution  was  taken,  the 


Fig.  162.  Fig.  16,3. 

metal,  being  lighter  than  the  fused  chloride,  rose  to  the  surface 
and  burned.  As  it  is  difficult  to  prepare  the  pure  chloride, 
Matthiessen  employed  a  mixture  ofthe  chlorides  of  potassium 
and  magnesium  in  the  ratio  of  3  molecules  of  potassium 
chloride  to  4  of  magnesium  chloride.'^ 

^  Journale  de  Chimie  Medicale  Ann.,  1830,  HI. 
2  Annalen,  1852,  82,  137. 
^  Joum.  Ohem.  Soc,  1856,  8,  107. 
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The  manufacture  of  magnesium  on  the  large  scale  was  first 
effected  by  Sonstadt  and  Mellor.  The  process  employed  was 
essentially  that  of  Caron  and  Deville/  which  consisted  in 
heating  together  magnesium  chloride,  fluor-spar,  and  sodium. 
Wohler  suggested  the  use  of  the  fused  double  chloride  of 
magnesium  and  sodium  instead  of  anhydrous  magnesium 
chloride,  whilst  Sonstadt  introduced  the  use  of  fused  carnallite. 
An  important  improvement  was  the  distillation  of  the  crude 
metal,  as  this  usually  contains  carbon,  silicon,  and  nitrogen. 
The  fact  that  magnesium  can  be  readily  distilled  was  indeed 
discovered  by  Deville  and  Caron,  but  first  technically  employed 
by  Sonstadt.  For  this  purpose  the  crude  magnesium  was  placed 
in  an  iron  crucible  having  an  iron  tube  passing  through  from 
the  bottom  to  within  an  inch  of  the  lid.  The  crucible  was  filled 
with  the  crude  metal  to  the  level  of  the  mouth  of  the  tube,  the 
lid  carefully  screwed  and  luted  down,  and  the  air  displaced  by 
a  current  of  hydrogen  or  coal-gas.  As  the  crucible  become 
heated  the  magnesium  distilled  over,  passing  through  the  up- 
right tube  into  a  box  placed  below,  where,  on  the  completion  of 
the  operation,  it  was  found  in  the  form  of  a  coherent  mass  which 
was  subsequently  melted  and  cast  into  ingots  or  any  other  form 
that  might  be  required. 

Magnesium  is  now  mainly  manufactured  by  the  electrolysis 
of  fused  carnallite,  which  gives  up  its  water  of  crystallisation 
and  forms  a  clear  fluid  below  700°  C.  The  electrolysis  is  con- 
ducted in  a  closed  electric  furnace,  and  a  current  of  coal  gas 
or  hydrogen  is  passed  through  during  the  process  to  remove 
all  oxygen  and  to  carry  off  the  chlorine  which  is  evolved, 
and  thus  prevent  its  action  on  the  metallic  magnesium 
which  is  set  free  and  floats  on  the  surface  of  the  fused  electrolyte. 
A  current  density  of  0'15  ampere  per  square  centimetre  of 
cathode  area  is  required.  The  metal  is  usually  pressed  when  in 
a  semi-fluid  state  into  wire  of  varying  thickness  and  of  any 
required  length ;  this  is  afterwards  flattened  into  ribbon,  in 
which  form  it  usually  occurs  in  commerce. 

The  magnesium  industry  is  quite  small,  although  the  increased 
use  of  "magnalium  "  alloys  has  given  it  an  impetus.  These  alloys^ 
consist  of  aluminium  and  magnesium.  The  alloy  containing 
10  per  cent,  of  magnesium  resembles  zinc,  that  with  15  per  cent, 
resembles  brass,  and  that  with  25  per  cent,  resembles  bronze. 


1  Ann.  C'liiin.  Phys.,  1863,  [3],  67,  347. 

2  En<j.  and  Min.  Journal,  1899,  68,  66-1. 


PROPERTIES  OF    MAGNESIUM  (i27 


These  alloys  give  good  castings,  which  can  be  worked  like  brass, 
and  are  lighter  than  aluminium. 

287  Properties. — Magnesium  is  a  brilliant  white  metal,  which 
melts  at  650°,  and  boils  at  about  1100°.  It  has  a  specific 
gravity  of  175,  and  a  granular  crystalline  fracture,  and  is 
sometimes  obtained  in  hexagonal  crystals  isomorphous  with 
those  of  cadmium  and  zinc.  It  preserves  its  lustre  in  dry  air, 
but  in  moist  air  becomes  covered  with  a  film  of  oxide ;  when 
a  piece  of  ribbon  is  held  in  the  flame  of  a  candle  it  burns  with  an 
intensely  white  light,  forming  a  mixture  of  magnesia  and 
magnesium  nitride.  The  heated  metal  readily  decomposes 
steam,  hydrogen  being  evolved  and  magnesia  produced.  Mag- 
nesium also  burns  readily  in  carbon  dioxide,  .carbon  being 
deposited.  It  dissolves  easily  in  dilute  acids,  and  begins  to 
decompose  concentrated  sulphuric  acid  at  215°.^  It  is  not  acted 
on  by  alkalis.  When  the  metal  is  brought  into  a  solution  of 
one  of  its  salts,  it  slowly  dissolves,  hydrogen  being  evolved  and 
the  hydroxide  or  a  basic  salt  being  produced.^  It  brings  about 
a  similar  decomposition  in  many  other  salt  solutions,  producing 
for  example  in  a  solution  of  copper  sulphate  a  precipitate  of 
copper  and  cuprous  oxide,  and  an  evolution  of  hydrogen.^ 

Magnesium  has  been  obtained  by  the  electrical  method 
(p.  73)  in  the  form  of  an  olive-green,  unstable  colloidal  solution 
in  ether.* 

The  light  from  burning  magnesium  wire  is  rich  in  chemi- 
cally active  rays,  so  that  it  is  possible  to  photograph  by  means 
of  it.  Bunsen  and  Roscoe  have  determined  the  actinic  value  of 
this  light  compared  with  that  of  the  sun.^  They  showed 
that  a  burning  surface  of  magnesium  wire,  which  seen  from  a 
point  at  sea  level  has  an  apparent  magnitude  equal  to  that 
of  the  sun,  effects,  at  that  point,  the  same  chemical  action 
as  the  sun  would  do  if  shining  from  a  cloudless  sky  at  the 
height  of  9°  53'  above  the  horizon.  On  comparing  the  visible 
brightness  of  these  two  sources  of  light  it  was  found  that  the 

^  Adie,  Proc.  Chem.  Soc,  1899,  133. 

2  Kippenberger,  Chem.  ZeiL,  1895,  19,  269;  Vitali,  L'Orosi,  1895,  18,  289; 
Lemoine,  Gompt.  rend.,  1899,  129,  291  ;  Bryant,  Chem.  News,  1899,  79,  75  ; 
Kahlenberg,  J.  Amer.  Chem.  Soc,  1903,  25,  380 ;  Roberts  and  Brown, 
ibid.,  801. 

'  Commaille,  Compt.  rend.,  1866,  63,  556  ;  Clowes  and  Caven,  Proc.  Chem. 
Soc,  1897,  13,  221  ;  Divers,  ibid.,  1898,  14,  57  ;  Tommasi,  Ball.  Soc.  chim., 
1899,  [3],  21,  885. 

^  Svedberg,  Ber.,  1905,  38,  3616.  "  Phil.  Trans.,  1859,  149,  920. 
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brightness  of  the  sun's  disc  as  measured  by  the  eye  is  524'7 
times  as  great  as  that  of  burning  magnesium  when  the  sun's 
zenith-distance  is  67°  22',  whilst  at  the  same  zenith-distance  the 
sun's  chemical  brightness  was  only  36'6  times  as  great.  Hence 
the  value  of  this  light  as  a  source  of  chemically  active  rays  for 
photographic  purposes  becomes  at  once  apparent.  The  light 
from  burning  magnesium  has  been  employed  for  signalling,  and 
for  military  and  naval  purposes,  and  it  is  especially  employed 
in  pyrotechny.  Magnesium  powder  mixed  with  an  oxidising 
agent,  such  as  potassium  chlorate  or  a  peroxide,  is  much  used 
for  the  production  of  flash  lights  for  photographic  purposes. 

Metallic  magnesium  combines  with  nitrogen  on  heating, 
forming  the  nitride,  and  has  been  used  for  the  separation  of  the 
argon  group  of  gases  from  atmospheric  nitrogen ;  it  is  also 
made  use  of  in  chemical  analysis,  and  in  toxicological  investi- 
gations, where,  as  it  is  perfectly  free  from  arsenic,  it  may  be 
used  with  advantage  in  Marsh's  apparatus  in  the  place  of  zinc. 
It  may  be  used  also  in  the  estimation  of  nitrates  and  nitrites  in 
drinking  water,  and  in  other  cases,  as  a  reducing  agent.  In  the 
form  of  powder  it  reduces  most  metals  from  their  oxides  when 
heated  with  the  latter,  and  is  used  for  the  preparation  of 
several  elements  such  as  silicon  and  boron.^ 


MAGNESIUM    COMPOUNDS. 

Magnesium  and  Oxygen. 

288  The  only  stable  oxide  of  magnesium  is  the  monoxide, 
MgO,  with  which  correspond  the  salts  of  the  metal.  The  per- 
oxide, MgO^,  has  not  been  obtained  pure,  and  the  existence  of 
the  suboxide,  MggO,,  is  doubtful.^ 

Magnesium  Oxide  or  Magnesia,  MgO. — This  substance,  which 
occurs  as  the  mineral  periclase,  is  formed  when  the  metal 
burns  in  the  air,  and  is  also  produced  by  the  ignition  of  the 
magnesium  salt  of  any  volatile  oxy-acid.  It  is  prepared  on  the 
large  scale  by  igniting  the  carbonate,  magnesia  alba,  and  is 
known  as  magnesia  usta  or  calcined  magnesia.  Two  varieties  of 
this  are  prepared  from  the  corresponding  varieties  of  the  basic 
carbonate  (p.  638),  and  they  are  known  as  light  and  heavy  mag- 
nesia, the  volumes  occupied  by  equal  weights  being  in  the  ratio 

1  Winkler,  Ber.,  1890,  23,  44,  120. 

•^  Baborovsky,  Ber.,  1903,  36,  2719  ;  Zeit.  Ekktrocliem.,  1905,  11,  465. 
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of  3'5  to  1.  When  brought  into  water  combination  takes  place 
and  the  hydroxide  is  formed/  but  the  rate  at  which  this  com- 
bination occurs  varies  greatly  with  samples  of  the  oxide  which 
have  been  prepared  by  different  methods.  Thus  the  oxide  pre- 
pared by  gently  heating  the  native  carbonate  or  the  nitrate  sets 
with  water  to  a  firm  mass,  whilst  the  light  and  heavy  oxides 
combine  rapidly  but  do  not  set,  and  crystals  of  the  hydroxide  are 
scarcely  attacked  by  water.^  It  is  tasteless,  but  in  the  moist 
state  turns  red  litmus  paper  blue.  When  heated  in  an  electric 
furnace  it  forms  transparent  crystals,  melts  at  about  2250°, 
and  finally  volatilises,  though  less  readily  than  lime.  Keduction 
to  magnesium  and  magnesium  carbide  takes  place  when  the 
oxide  and  carbon  are  heated  in  the  electric  furnace.^  When 
magnesia  is  ignited  in  a  current  of  hydrogen  chloride  it  is  ob- 
tained in  the  form  of  regular  cubes  and  octahedra,  and  if  a 
mixture  of  magnesia  and  ferric  oxide  is  treated  in  this  way 
black  octahedra  of  magnoferrite,  MgOjEc^Og,  are  formed, 
together  with  those  of  MgO  containing  a  little  ferric  oxide; 
these  are  of  a  yellow  colour,  identical  with  periclase,  a  mineral 
found  at  Monte  Somma,  near  Naples.  Crystals  resembling 
those  of  periclase  are  also  formed  when  the  hydroxide  is  heated 
to  redness  with  caustic  potash.* 

Magnesia  is  employed  as  a  medicine,  as  a  refractory  lining  in 
furnaces,  for  the  manufacture  of  crucibles,^  and  in  certain 
processes  for  the  regeneration  of  chlorine  from  ammonium 
chloride. 

Magnesium  Hydroxide,  Mg(0H)2,  is  obtained  as  a  white 
precipitate  when  aqueous  potassium  or  sodium  hydroxide  is 
added  to  a  solution  of  a  magnesium  salt,  and  occurs  in  nature 
as  the  mineral  brucite,  which  is  found  embedded  in  serpentine 
with  other  magnesium  minerals.  It  has  been  found  by  the 
conductivity  method  that  it  dissolves  in  115,000  parts  of  water 
at  18°  (8'7  milligrams  per  litre),  but  direct  determinations  give 
higher  numbers."  The  hydroxide  can  be  dried  at  100°  without 
loss  of  water,  but  is  converted  into  the  oxide  at  a  low  red  heat. 
The  hydroxide  is  not  precipitated  from  solutions  of  magnesium 
salts  by  ammonia  in  presence  of  ammonium  salts,  this  being 

1  Rose,  Pogg.  Ann.,  1851,  83,  450. 

^  See  also  Anderson,  Jcyurn.  Chtm.  Soc,  1905,  87,  257. 

3  Lebeau,  Oompt.  rend.,  1907,  144,  799. 

••  de  Schulten,  Bull.  Soc.  Fran.  Min.,  1898,  21,  87. 

5  See  Ghem.  Zeit.,  1906,  30,  211,  329. 

"  Dupr6,  junr.,  and  Bialas,  Zeit.  angew.  Chem.,  1903,  16,  54. 
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probably  due  to  the  fact  that  the  presence  of  these  salts  greatly 
diminishes  the  dissociation  of  the  molecules  of  NH^.OH  present 
in  aqueous  ammonia  (p.  137).^ 

Magnesium  Peroxide. — When  caustic  soda  is  added  to  a  solu- 
tion of  magnesium  sulphate  containing  hydrogen  peroxide,  the 
precipitate  contains  a  peroxide  of  magnesium,  which  has,  how- 
ever, not  been  prepared  pure.  The  material  obtained  gradually 
loses  oxygen  when  preserved,  and  after  drying  appears  to  contain 
about  equal  molecular  proportions  of  the  oxide  and  peroxide.^ 
The  commercial  product  usually  contains  about  8  per  cent,  of 
available  oxygen.''  Carrasco  *  has  obtained  the  following  per- 
oxides by  successive  addition  of  an  ethereal  solution  of  hydrogen 
peroxide  to  magnesia:  5MgO,2Mg02,3H20 ;  SMgCSMgOj.SH^O, 
and  2MgO,2MgO.,,3H20.  They  are  light  powders  which 
explode  violently  when  heated. 

Magnesium  and  the  Halogens. 

289  Magnesium  Fluoride,  MgFg,  occurs  as  the  mineral  sellaite  in 
colourless  tetragonal  crystals,  found  at  Montiers  in  Savoy.  When 
pure  magnesia  is  evaporated  to  dryness  with  an  excess  of  aqueous 
hydrofluoric  acid,  this  same  compound  is  obtained  as  an 
amorphous  mass  almost  insoluble  in  water.  When  this  is  fused 
with  common  salt  and  the  mass  gradually  cooled,  it  is  deposited 
in  crystals  which,  after  washing  with  water,  exhibit  the  same 
form  as  sellaite  (Cossa). 

Magnesium  Chloride,  MgClg,  is  contained  in  sea-water,  in 
many  brine  springs,  and  in  various  salt  beds,  and  is  at  present 
prepared  in  large  quantities  at  Stassfurt.  It  forms  several 
crystalline  hydrates,  the  limits  of  stability  of  which  in  contact 
with  a  saturated  solution  are  as  follows:  I2H2O  from  —  SS-G" 
to  -16-8°,  the  melting  point  being  -16-4°;  SH.jOCo)  from 
-16-8°  to -3-4°;  GH^O  from -3-4°  to  116-7°;  4H2O  from  116-7° 
to  181-5° ;  above  this  temperature  2H2O.  In  addition  to  these, 
an  isomeric  labile  hydrate  with   SHgO  (jS)   is   known.^      100 

1  Loven,  Zeit.  anorg.  Chem.,  1896,  11,  404;  Treadwell,  Zeit.  anorg.  Ohem., 
1904,  37,  326. 

2  Ruff  and  Geisel,  Ber.,  1904,  37,  3683. 

■*  Foi-egger  and  Philipp,  J.  Soc.  Chem.  Ind.,  1906,  25,  298.  See  also  German 
Patent,  No.  168271  (27/7/1901). 

*  Gazz.  1909,  39,  ii.,  47. 

^  van't  Hoff  and  Dawson,  Zeit.  physikal  Chem.,  1897,  22,  598  ;  van't  Hoff 
and  Meyerhoffer,  ibid.,  1898,  27,  ir-i;  Bogorodakv,  J.  Suss.  Chem.  Pliys.  Soc, 
1898,  30,  735. 
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parts  of  water  dissolve  53'5  parts  of  anhydrous  salt  at  10°, 
73  parts  at  100°,  and  128  parts  at  186°.  The  hydrate  with 
6H2O,  which  is  deposited  when  a  hot  concentrated  solution 
cools,  crystallises  in  deliquescent  needles,  and  is  decomposed  on 
heating  above  186°,  water  and  hydrochloric  acid  being  given  off, 
and  magnesia  remaining.  The  anhydrous  salt  can  be  obtained 
by  heating  this  hydrate  to  175°  in  a  vacuum  ^  or  by  adding  am- 
monium chloride  to  the  solution,  evaporating  to  dryness,  carefully 
heating  and  finally  igniting.  It  may  also  be  obtained  by 
evaporating  the  solution  in  a  current  of  hydrochloric  acid  gas 
(Hempel),  and  forms  a  laminated  crystalline  solid,  which  dis- 
solves in  water  with  evolution  of  heat.  It  possesses  a  bitter 
saline  taste,  and  is  now  largely  used  for  the  purpose  of  dressing- 
cotton  goods.  Magnesium  chloride  forms  crystalline  double 
salts  with  other  chlorides,  especially  with  those  of  the  alkaline 
earths.     Of  these  the  following  are  the  most  important : 

Potassiurn  Magnesium  Chloride  or  Garnallite,  MgCl2,KCl,6H20. 
— This  compound  crystallises  in  rhombic,  prisms  which 
deliquesce  on  exposure  to  the  air,  leaving  a  residue  of  potassium 
chloride. 

Ammoniiom  Magnesium  Chloride,  MgClj.NH^Cl.GHjO,  is 
deposited  from  solution  in  small  rhombic  crystals  which  dissolve 
in  six  parts  of  water. 

Calcium  Magnesium  Chloride  or  Tachhydrite, 
2MgCl2,CaCl2,12HjO, 
occurs  at  Stassfurt  in  yellowish  rounded  masses  which 
deliquesce  on  exposure  to  the  air.  It  can  readily  be  prepared 
by  dissolving  the  constituent  salts  in  a  liquid  containing  1,000 
molecular  proportions  of  water,  44  of  magnesium  chloride,  and 
106  of  calcium  chloride,  and  cooling  to  25°.^ 

Oxychlorides  of  Magnesium. — If  strongly  ignited  magnesia  be 
brought  into  contact  with  a  concentrated  solution  of  the  chloride, 
the  mixture  after  standing  for  some  hours  solidifies  to  a  mass 
so  hard  that  it  is  capable  of  being  polished  (Sorel).  A  mass  of 
this  kind  which  had  been  exposed  for  six  months  to  the  air 
gave  results  on  analysis  which  render  it  probable  that  it  is  a 
mixture  of  magnesium  carbonate  and  the  compound 

MgCl2,5MgO,l7H30,  or  2Mg  |g^jj,4Mg(OH)2,12Hp. 

This  substance  loses  water  on  heating,  but  does  not  give  off 

1  German  Patent,  161662  (7/3/03). 

2  van't  Hofr,  Zeit.  anorg.  Chem.,  1905,  47,  271. 


632  MAGNESIUM 


hydrogen  chloride,  and  chloride  of  magnesium  may  be  with- 
drawn from  it  by  repeatedly  boiling  with  water,  leaving  a  residue 
of  magnesium  hydroxide  as  a  hard  non-crystalline  mass  re- 
sembling brucite.^  If  a  solution  of  magnesium  sulphate  to 
which  ammonia  and  sal-ammoniac  have  been  added  (a  mixture 
frequently  used  in  the  laboratory)  is  allowed  to  stand  for 
some  time,  a  crystalline  precipitate   having   the   composition 

2Mg  |^j^,4Mg(OH)2,8H20   is   sometimes    formed    (J.   Davis)- 

Magnesium  Bromide,  MgBr^,  occurs  in  sea-water  ahd  in  many 
brine  springs.  The  anhydrous  salt  is  obtained  by  heating 
magnesium  in  bromine  vapour,  or  by  leading  bromine  vapour 
over  an  ignited  mixture  of  magnesia  and  sugar  charcoal.  It 
forms  a  white  crystalline  mass  which  hisses  and  evolves  heat 
when  brought  into  contact  with  water,  and  crystallises  from  a 
hot  concentrated  solution  in  needles,  having  the  composition 
MgBr2,6H20.  At  18°  the  saturated  solution  contains  103-4 
parts  of  the  anhydrous  salt  dissolved  in  100  of  water.^  On 
heating  the  crystals,  hydrobromic  acid  is  given  off  and  magnesia 
is  left  behind.^  The  bromide,  like  the  chloride,  forms  many 
double  salts,*  and  also  combines  with  many  organic  substances. 

Magnesiitm  Iodide,  Mgig,  is  found  together  with  the  bromide 
in  sea- water  and  brine  springs.  It  can  be  prepared  by  dissolv- 
ing magnesia  in  hydriodic  acid.  On  evaporation,  hygroscopic 
crystals  of  the  hydrate,  Mgl2,8H20,  are  deposited,  which 
readily  undergo  decomposition  with  liberation  of  iodine.  The 
solution  saturated  at  18°  contains  148  parts  of  the  anhydrous 
salt  dissolved  in  100  of  water  (Mylius  and  Funk). 

Magnesium  and  Sulphur. 

290  Magnesium  Sulphide,  MgS.— This  substance  is  not  formed 
in  the  wet  way,  but  is  obtained  when  a  mixture  of  magnesium 
filings  and  sulphur  is  heated  to  dull  redness  in  a  current  of 
sulphur  vapour  5  or  sulphuretted  hydrogen.  The  product  is  a 
brown,  coherent,  hard,  and  brittle  coke-like  mass,  mixed  with 
a  small  quantity  of  magnesium  oxide  and  some  unchanged 
metal.     On  exposure  for  some  time  to  the  air  the  difficultly 

^  Bender,  Annalen,  1871,  159,  .341. 

2  Mylius  and  Funk,  Ber.,  1897,  30,  1716. 

^  See  Kreider,  Amer.  J.  Scl,  1905,  (4),  20,  97. 

•■  de  Schulten,  Bull.  Soe.  cUm.,  1897,  (3),  17,  167. 

'  Parkinson,  Joiim.  Ghem.  Soc,  1867,  20,  127. 
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fusible  sulphide  slowly  tarnishes,  and  evolves  sulphuretted 
hydrogen,  and  the  granular  and  bright  steel-grey  fracture 
becomes  dull  and  coated  with  a  grey  oxide.  When  heated  in 
the  electric  furnace  ^  it  forms  cubical  crystals  of  sp.  gr.  1-85. 
It  is  slightly  soluble  in  water,  yielding  a  straw-yellow  solution, 
but  on  exposure  to  the  light  it  deposits  sulphur  and  becomes 
colourless.  This  solution  doubtless  contains  magnesium  hydro- 
sulphide,  Mg(SH)2,  which  may  also  be  obtained  by  passing 
sulphuretted  hydrogen  into  water  containing  magnesia  in 
suspension.^  It  is  an  extremely  unstable  compound,  and  on 
exposure  to  the  air,  or  when  heated,  gives  off  sulphuretted 
hydrogen,  leaving  magnesia  behind.  A  solution  of  this  sub- 
stance has  been  proposed  as  a  source  of  sulphuretted  hydrogen 
for  laboratory  purposes. 

Magnesium  Sulphate,  MgSO^,  occurs  in  nature  as  Icieserite, 
MgSO^.HgO,  and  Epsom  salts  or  epsomite,  MgSO^jYHjO.  These 
two  compounds  can  be  readily  distinguished  by  the  action  of 
water  on  them.  Epsom  salts  is  readily  soluble  in  water, 
whilst  kieserite  is  as  sparingly  soluble  as  gypsum.  Kieserite 
occurs  crystallised  in  rhombic  prisms,  but  is  more  commonly 
found  in  granular  masses  which  dissolve  slowly  when  allowed 
to  remain  in  contact  with  water,  being  gradually  converted 
into  Epsom  salts.  Epsom  salts  occur  in  many  mineral  waters. 
The  same  compound  is  found  as  epsomite  or  hair-salt  in  silky 
fibres  and  fibrous  crusts  at  Idria  in  Carniola,  in  the  gypsum 
quarries  of  Montmartre  near  Paris,  and  in  various  other 
localities.  The  floors  of  the  limestone  caves  in  Kentucky, 
Tennessee,  and  Indiana  are  in  many  instances  covered  with 
minute  crystals  of  epsomite  mingled  with  earth.  In  the 
Mammoth  cave  in  Kentucky  it  adheres  in  loose  masses  like 
snowballs  (Dana). 

The  manufacture  of  magnesium  sulphate  from  the  upper 
layers  of  salt  (Airaumsalz)  at  Stassfurt  is  carried  out  on  the 
large  scale.  The  crude  kieserite  is  placed  in  sieves  in  water. 
The  magnesium  chloride  and  finely  divided  chloride  of  sodium 
dissolve,  whilst  the  kieserite  falls  through  the  meshes  of  the  net 
in  small  powder,  and  larger  pieces  of  rock-salt,  anhydrite,  and 
earthy  impurities  remain  behind.  The  powder  is  then  brought 
into  conical  wooden  moulds  in  which  it  is  allowed  to  remain, 
and  in  which  it  soon  becomes  a  hard  coherent  mass,  inasmuch 

1  Mourlot,  Gompt.  rend.,  1898,  127,  180. 

2  Berzelras,  Fogg.  Ann.,  1825,  6,  443. 
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as  a  portion  of  the  salt  combines  with  water  to  form  the  hepta- 
hydrate,  which  binds  together  the  remaining  powder  of  the 
kieserite.  This  kieserite-stoue  is  then  dried  and  powdered, 
and  contains  80  to  90  per  cent,  of  magnesium  sulphate,  and 
from  1  to  2  per  cent,  of  common  salt.  It  is  cither  brought 
into  the  market  in  this  form,  or  worked  up  into  Epsom  salts. 
Sulphate  of  magnesium  was  formerly  produced  in  considerable 
quantity  by  treating  either  native  magnesium  carbonate  or 
dolomite  with  sulphuric  acid ;  the  gypsum  formed  in  the  latter 
case,  being  much  less  soluble  than  magnesium  sulphate,  is  easily 
separated  from  it.  Formerly,  also,  dolomite  was  burnt,  the 
lime  dissolved  out  by  crude  pyroligneous  acid,  and  the  residual 
magnesia  treated  with  sulphuric  acid  (Henry). 

Magnesium  sulphate  forms  a  large  number  of  hydrates, 
but  the  curve  of  equilibrium  with  a  saturated  solution  has  not 
been  very  accurately  determined.  The  ordinary  heptahydrate 
(Epsom  salts)  is  stable  in  contact  with  a  saturated  solution 
from  1'8°  to  0'48°,  at  which  temperature  it  passes  into  the 
hydrate  with  GHjO,  which  in  its  turn  passes  into  kieserite  at 
68°.  The  heptahydrate  crystallises  from  a 
hot  concentrated  solution  in  four-sided 
rhombic  prisms  (Class  6,  p.  201),  shown  in 
Fig,  164,  and  is  isomorphous  with  the  cor- 
responding sulphates  of  zinc  and  nickel.  As 
a  rule,  the  commercial  salt  occurs  in  the 
powdery  form  consisting  of  minute  delicate 
needles  obtained  by  quick  crystallisation  of 
a  concentrated  solution.  The  crystals  are 
not  deliquescent,  but  the  commercial  salt 
sometimes  becomes  moist  in  contact  with  air 
in  consequence  of  the  presence  of  traces  of 
magnesium  chloride.  The  crystals  possess 
an  unpleasant  saline  bitter  taste,  and  have  a  specific  gravity  of 
1"685  (Schiff).  On  heating,  they  melt  in  their  water  of  crystal- 
lisation, and  lose  six  molecules  at  150°,  the  last  molecule  being 
termed  by  Graham  constitutional  %vater,  because  it  is  not  driven 
off  until  a  temperature  of  200°  is  reached.  The  solution 
saturated  in  contact  with  this  hydrate  at  10°  contains  SO'O  parts 
of  anhydrous  salt  in  100  of  water,  and  at  40°,  45-6  parts. 

When  a  boiling  and  concentrated  solution  of  magnesium 
sulphate  is  placed  in  a  closed  vessel  it  remains  supersaturated 
when  cold.     Such  a  solution  may  stand  for  weeks  or  months 


Fig.  1C4. 
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without  solidification,  but  milk-white  crystals  of  the  hexa- 
hydrate  are  sometimes  deposited,  and,  sometimes,  monoclinic 
tablets  of  a  labile  heptahydrate.  From  this  it  is  seen  that  the 
heptahydrate  is  dimorphous ;  this  is  shown  also  by  the  fact  that 
it  crystallises  as  an  isomorphous  constituent  with  monoclinic 
ferrous  sulphate,  FeSO^,7H20.  Magnesium  sulphate  is  insoluble 
in  absolute  alcohol. 

Epsom  salts  is  largely  used  as  a  purgative,  and,  like  the 
chloride,  is  employed  as  a  dressing  for  cotton  goods.  It  is  also 
used  in  dyeing  with  aniline  colours,  as  goods  thus  dyed  are  found 
to  stand  the  action  of  soap  better,  this  being  probably  due 
to  the  formation  of  an  insoluble  magnesia  soap. 

Magnesium  sulphate  forms  a  series  of  characteristic  double 
salts  with  the  sulphates  of  the  alkali  metals.  These  have 
the  general  formula  MgS04,M'2SO^,6H20,  and  crystallise  in 
well-developed  monoclinic  prisms.^  It  also  forms  a  large 
number  of  other  double  salts,  many  of  which  occur  as 
minerals.  When .  the  anhydrous  sulphate  is  dissolved  in  hot 
concentrated  sulphuric  acid,  the  solution  on  standing  deposits 
the  compound  MgSO^.HgSO^,  in  six-sided  tablets,  which  soon 
absorb  moisture  from  the  air  and  are  thereby  decomposed.^ 


Magnesium  and  Nitrogen,  Phosphorus  and  Arsenic. 

291  Magnesmm  Nitride,  MggNg. — Deville  and  Caron,  when 
preparing  magnesium,  observed  that  the  distilled  metal  some- 
times appeared  covered  with  small  transparent  needles,^  which 
decomposed  in  moist  air  with  formation  of  ammonia  and 
magnesia,  and  therefore  contained  a  nitride  of  magnesium.  This 
compound  was  obtained  in  the  amorphous  state  by  Briegleb 
and  Geuther,*  by  igniting  magnesium  in  ammonia  or  in  nitrogen 
gas.  The  nitride  of  magnesium  thus  prepared  is  a  greenish- 
yellow  amorphous  mass,  which  when  heated  in  dry  oxygen  gas 
is  converted,  with  bright  incandescence',  into  magnesia.  The 
nitride  is,  however,  produced  when  compressed  magnesium 
turnings  are  burnt  in  the  air,  and  is  covered  by  a  layer  of 
oxide.^     On  exposure  to  the  air,  or  when  treated  with  water,  it 

1  See  Tutton,  Joum.  Ghem.  Soc,  1896,  69,  355 ;  1905,  87,  1123. 

2  Schiff,  Annalen,  1861,  118,  365. 

■>  Ann.  Chim.  Phya.,  1863,  [3],  67,  348. 

*  Annalen,  1862,  123,  228  ;  see  also  Merz,  Ber.,  1891,  24,  3940. 

^'  Kirohner,  Chem.  Ztif.,  1901,  25,  395. 
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is  quickly  decomposed  into  ammonia  and  magnesia,  so  much 
heat  being  evolved  in  the  latter  case  that  the  water  boils. 
When  heated  in  a  current  of  sulphuretted  hydrogen  gas 
ammonium  sulphide  and  magnesium  sulphide  are  formed. 

Magnesium  Nitrate,  Mg(N03)2. — This  salt  occurs  in  the 
mother-liquors  from  the  saltpetre  manufacture,  and  in  the 
surface  water  of  towns,  having  been  first  detected  by  Berzelius 
in  the  well-water  of  Stockholm.  It  is  prepared  by  dissolving 
magnesia  alba  in  nitric  acid.  It  forms  several  hydrates,^  that 
with  OHjO  being  stable  in  contact  with  a  saturated  solution 
from  —29°  to  —18°,  at  which  temperature  it  passes  into  the 
hexahydrate,  which  crystallises  in  prisms  and  needles  and  melts 
at  90°.  The  solution  saturated  at  18°  contains  73'4  parts  of  the 
anhydrous  salt  in  100  parts  of  water.  The  hexahydrate  dis- 
solves in  nine  parts  of  alcohol  of  specific  gravity  0'84,  but  is 
less  soluble  in  pure  alcohol. 

Magnesixim  Phosphide,  MggPg,  is  formed  in  small,  dark- 
coloured  crystals,  when  magnesium  is  heated  in  hydrogen  con- 
taining phosphorus  vapour.  It  is  decomposed  by  water  with 
formation  of  magnesium  hydroxide  and  pure  phosphine,  and 
burns  in  oxygen,  forming  magnesium  phosphate.^ 

Phosphates  of  Magnesium.  —  The  Normal  Orthophosphate, 
Mgg^(PO^\,  occurs  in  small  quantities  in  the  seeds  of  the 
cereals  and  in  bones.  It  is  obtained  in  the  form  of  a  hydrated 
white  precipitate  when  a  solution  of  normal  sodium  ortho- 
phosphate  is  added  to  a  solution  of  Epsom  salts."*  One  part  of 
the  salt  dissolves  in  5,000  parts  of  water.  A  phosphato-fluoride 
of  magnesium  having  the  formula  2Mg3(PO^)2,MgF2  occurs  in 
nature  as  wagnerite. 

Hydrogen  Magnesium  Orthophosphate,  HMgPO^  is  obtained 
when  a  solution  of  Epsom  salts  is  mixed  with  one  of  common 
sodium  phosphate ;  on  standing,  hexagonal  needles  of  the  acid 
salt  containing  seven  molecules  of  water  are  deposited.  I'hese 
dissolve  in  322  parts  of  cold  water.  If  this  solution  is  heated 
it  becomes  milky  owing  to  the  separation  of  the  insoluble  normal 
salt,  a  tetra-hydrogen  phosphate,  H^Mg(P0^)2,  remaining  in 
solution;  this  latter  compound,  however,  has  not  been  obtained  in 
the  pure  state.     A  hydrate  with  SHjO  has  also  been  described.* 

1  Funk,  Ber.,  1899,  32,  96 ;  Mylius  and  Funk,  Ber.,  1897,  30,  1716. 

2  Gavitier,  Oompi.  rend.,  1899,  128,  1167. 

"  See  de  Schulten,  Bull.  Soc.  chim.,  1903,  (3),  29,   724 ;  Bull.  Soc.  Fran. 
Mill.,  1903,  26,  81. 
■*  Struve,  Zeit.  anal.  Chem.,  1897,  36,  289. 
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Maynesluin  Ammonium  Urtkopkospkate,  Mg(NH^)P04,6H20. 
— This  salt,  a  frequent  constituent  of  urinary  calculi,  was  dis- 
covered by  Fourcroy.  It  is  produced  in  the  putrefaction  of 
urine,  and  large  crystals  of  it  have  been  found  in  some  varieties 
of  guano.  It  is  formed  when  an  ammoniacal  solution  of  sal- 
ammoniac  is  mixed  with  a  solution  of  magnesium  sulphate,  and 
a  soluble  orthophosphate  then  added.  If  the  solution  be  dilute, 
the  precipitate  takes  some  time  to  form,  and  deposits  in  small 
crystals  which  attach  themselves  to  the  sides  of  the  vessel, 
especially  upon  points  presenting  any  roughness  or  inequality, 
as  where  the  beaker-glass  has  been  scratched.  It  separates  in 
this  way  from  extremely  dilute  solutions,  affording  a  very  delicate 
test  either  for  magnesium  or  for  phosphoric  acid.  According  to 
Graham  the  best  mode  of  obtaining  it  in  distinct  crystals  is  to 
mix  600  parts  of  hot  water  with  four  parts  of  strong  ammonia  ; 
then  add  seven  parts  of  crystallised  sodium  phosphate,  two  parts 
of  sal-ammoniac,  and  four  parts  of  magnesium  sulphate.  The 
crystals  which  are  thus  deposited  are  transparent  tetragonal 
prisms.  One  part  of  the  salt  dissolves  in  16,000  parts  of  water 
at  15",  and  in  44,000  parts  of  ammoniacal  water,  whilst  in 
presence  of  ammonium  chloride  it  is  somewhat  more  readily 
soluble.  When  heated  the  salt  gradually  loses  the  whole  of  the 
water  and  ammonia,  pyrophosphate  of  magnesium,  MggPgOy, 
remaining  behind.^ 

T%e  Arsenates  of  Magnesium  closely  correspond  to  the  phos- 
phates. 

Magnesium  and  Cabbon  and  Silicon. 

292  Carbides  of  Magnesium . — Two  carbides  of  magnesiu  m ,  MgCg 
and  MgCg,  exist.  The  first  yields  acetylene  when  treated  with 
water,  and  the  second  allylene.  They  have  not  been  prepai-ed 
pure.^ 

Carbonates  of  Magnesium. — Normal  Magnesium  Carbonate, 
MgCOg,  occurs  in  nature  as  magnesite,  a  mineral  isomorphous 
with  calc-spar.  The  same  mineral  frequently  occurs  m  compact 
or  granular  masses,  and  is  found  in  large  quantities  in  various 
localities,  especially  in  the  island  of  Euboea.  The  normal  car- 
bonate is  also  formed  by  the  action  of  magnesium  chloride  on 
calcium   carbonate    (Marignac).     It   has  a   specific   gravity  of 

'  Compare  Struve,  Zeit.  anal.  Che.m.,  1898,  37,  485. 
2  Novdk,  Zeit. physikal.  Chem.,  1910,  73,  513. 
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3'056,  is  not  easily  soluble  in  dilute  acid,  and  is  not  affected 
by  being  boiled  with  water  or  alkali  carbonates. 

A  second  variety  of  the  normal  carbonate  is  obtained  by 
heating  magnesium  ammonium  carbonate  in  dry  air  at  130°. 
It  differs  remarkably  from  magnesite  in  its  properties,  as  it  is 
very  hygroscopic,  and  when  treated  with  water  sets  like  plaster 
of  Paris  to  a  hard  mass  ^  consisting  of  the  hydroxj^carbonate. 
Magnesium  carbonate  readily  dissolves  in  carbonic  acid,  but  the 
solution  is  only  stable  in  presence  of  excess  of  carbon  dioxide.^ 
The  amount  dissolved  increases  with  the  pressure  of  the  carbon 
dioxide  and  diminishes  with  rise  of  temperature. 

According  to  Engel,^  1,000  parts  of  water  at  12"  contain  the 
following  amounts  of  magnesium  carbonate  in  the  form  of 
bicarbonate  when  saturated  under  varying  pressures  of  carbon 
dioxide  : 

Pressure  of  OO2  .    .0-5         1        1-5        2        2-5         3         6     atmospheres. 
■'' M*g(CO^H)^°' ''^I^O'^      26-5    31     34-2    36-4    42-8     506 

The  solution  has  an  alkaline  reaction  and  a  bitter  taste.  If 
it  be  placed  in  a  partially  closed  flask  at  50°,  crystals  of  the 
empirical  formula  M.gC0^,3Rfi  separate  out,,  and  a  similar 
change  occurs  when  the  solution  is  heated.  This  substance  is 
probably  the  hydroxycarhonate,  IIO-Mg-C03H,2H20,  for  it  loses 
2H2O  at  100°,  but  docs  not  begin  to  lose  carbon  dioxide  or  the 
remaining  molecule  of  water  until  125°  is  reached.  Crystals 
of  the  empirical  formula  MgC03,5H20  are  deposited  at  a 
lower  temperature,  and  these  lose  2H.2O  at  16°.  The  anhydrous 
compound,  HOMgCOgH,  can  also  be  obtained  by  boiling  the 
crystals  containing  2H2O  with  xylene.  The  hydrate  is 
slowly  decomposed  by  boiling  water  with  formation  of  a  mixture 
of  the  anhydrous  compound  and  magnesium  hydroxide,*  the 
composition  of  which  depends  on  the  time  of  boiling.  The 
hydrated  hydroxycarhonate  is  also  formed  when  a  solution  of  a 
magnesium  salt  is  precipitated  with  an  equivalent  amount  of 
sodium  carbonate  in  the  cold.  It  appears  probable  that  a 
mixed  carbonate  ^  of  magnesium  and  sodium  is  first  formed : 
2Na.3C03  +  MgSO,  =  MgCCOgNa^  +  Na^SO,. 

'  Engel,  Gompt.  rend.,  1889,  129,  598. 
2  Treadwell  and  Renter,  Zeit.  anorg.  Chem.,  1898,  17,  170. 
^  Gompt.  rend.,  1888,  100,  444. 
•*  Davis,  /.  Soe.  Ghtm.  Ind.,  1906,  25,  788. 

'•>  See  Reynolds,  Journ.  Ghent.  Soc,  1898,  73,  264  ;■  von  Knorre,  Zeit.  anorg. 
Chem.,  1903,  34,  260. 
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This  then  immediately  undergoes  partial  hydrolysis  into 
the  hydroxycarbonate  or  a  mixture  of  this  and  the  hydroxide, 
and  the  various  so-called  basic  carbonates  of  magnesium  ^  are 
all  to  be  regarded  as  mixtures  of  this  kind  (Davis).  The 
mac/nesia  alba  of  the  shops  is  a  product  of  variable  composition. 
The  "light"  variety  is  prepared  by  pi'ecipitating  a  dilute 
solution  of  Epsom  salts  in  the  cold  with  sodium  carbonate, 
■washing  with  boiling  water,  and  drying  at  100°.  The  "  heavy  " 
variety  is  obtained  by  adding  sodium  carbonate  solution  to  a 
boiling  concentrated  solution  of  Epsom  salts,  evaporating  to 
dryness,  digesting  with  water,  filtering  and  washing,  and 
finally  drying  at  100°. 

When  evaporated  to  dryness,  the  solution  of  the  carbonate 
in  carbonic  acid  yields  a  crystalline  powder,  which,  examined 
under  the  microscope,  is  found  to  consist  of  crystals  having 
the  form  of  aragonite ;  ^  but  if  the  solution  is  heated  to 
300°  in  a  vessel  closed  by  a  porous  stopper  through  which 
the  carbonic  acid  can  slowly  escape,  microscopic  rhombohedra 
of  the  form  -of  native  magnesite  are  deposited.^  Magnesium 
carbonate  is,  therefore,  isodimorphous  with  calcium  carbonate. 

Another  method  of  preparing  magnesium  carbonate  is  that 
patented  by  Pattinson,  which  consists  in  igniting  dolomite 
and  then  treating  it  with  water  and  carbon  dioxide 
under  pressure,  when  the  carbonate  of  magnesium  dissolves 
in  the  carbonic  acid  more  readily  than  the  carbonate  of 
calcium  ;  the  solution  of  bicarbonate  of  magnesium  which  is 
formed  is  decanted  from  the  insoluble  carbonate  of  calcium 
and  decomposed  by  a  current  of  steam.  The  salt  thus  obtained 
is  very  white  and  of  a  loose  texture. 

The  mineral  termed  hydromagnesite,  possessing  a  similar 
composition  to  magnesia  alba,  occurs  in  small  white  monoclinic 
crystals. 

Magnesia  alba  is  almost  insoluble  in  water.  It  dissolves, 
however,  readily  in  solutions  of  ammoniacal  salts,  owing  to  the 
formation  of  ammonium  carbonate,  and  soluble  double  carbonates 
of  magnesium  and  ammonium.  For  this  reason  ammonium  car- 
bonate does  not  precipitate  a  magnesium  salt  completely,  and 
no  precipitate  occurs  in  the  presence  of  ammonium  chloride. 

1  Brill,  Zeit.  anorg.  Chem.,   1905,  45,  275 ;  Anderson,  Jourii.  Chem.  Soc, 
1905,  87,  261. 
'•^  Rose,  Pofja.  Ann.,  18.37,  42,  366. 
3  S«narmont,  Ann.  Chim.  Phys.,  1850,  [3],  30,  129. 
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Magnesium  Calcium  Carbonate  or  Dolomite,  MgCOjjCaCOj, 
occurs  as  a  mineral  in  the  massive  state,  forming  whole  mountain 
ranges.  It  was  at  one  time  considered  to  be  an  isomorphous 
mixture  of  the  two  constituent  carbonates,  but  it  has  been  found 
that  it  possesses  a  lower  degree  of  crystalline  symmetry  (Class 
15,  p.  201)  than  calcite,  and  that  its  properties  are  not  the' 
mean  of  those  of  its  constituents. 

Magnesium  Silicide. — This  compound  was  obtained  by  Wohler 
as  a  by-product  in  the  preparation  of  metallic  magnesium,  by 
fusing  together  a  mixture  of  sodium,  magnesium  chloride,  and 
sodium  silicofluoride,  and  was  prepared  by  Geuther  by  heating 
sodium  chloride,  sodium  silicofluoride  and  magnesium  to  a 
high  temperature  in  a  Hessian  crucible.^  It  is  most  readily 
obtained  by  heating  1  part  of  quartz  sand  and  1'5  parts  of 
magnesium  powder,  and  then  forms  a  bluish  half-fused  mass,^ 
but  when  obtained  by  Geuther's  method  it  forms  crystals 
having  a  metallic  lustre.  It  has  probably  the  formula  MggSi, 
although  Wohler  found  the  composition  Mg^Sig,  and  Geuther 
Mg^Sig.  This  variation  in  the  results  is  probably  due  to  the 
fact  that  the  product  readily  loses  magnesium  on  ignition,^  or 
the  substances  may  be  mixtures  of  Mg.2Si  and  MgSi.  In 
fa.vour  of.  the  latter  view  is  the  fact  that  when  the  silicide  is 
treated  with  hydrochloric  acid,  spontaneously  inflammable 
silicon  hydride  is  evolved,  and  silicoformic  anhydride  produced 
(Vol.  I.,  p.  899),  the  decompositions  being  represented  thus : 

(1)  Mg^Si  +  4HCI  =  2MgCl2  +  SiH,. 

(2)  2MgSi  -f  SUfi  +  4HC1  =  2MgCl2  +  Si^Hp^  -f  4H2. 

The  silicide  obtained  by  heating  together  48  parts  of  mag- 
nesium and  28  of  silicon  *  yields  a  certain  proportion  of  the 
silicon  hydride,  Si^Hg,  when  treated  with  hydrochloric  acid,  and 
therefore  probably  contains  a  silicide  of  the  formula  MgjSij- 

Magnesium  Silicates. — As  already  mentioned  (p.  625),  mag- 
nesium occurs  as  a  constituent  of  a  very  large  number  of 
silicates,  many  of  which  have  received  important  technical 
applications.  For  a  description  of  these  various  minerals 
reference  must  be  made  to  works  on  mineralogy.''' 

1  J.  pr.  Chem.,  1865,  95,  424. 
'■'  Gattermann,  Be.r.,  1889,  22,  186. 
■<  Winkler,  Ber.,  1890,  23,  2642. 
^  Moissan  and  Smiles,  Compt.  rend.,  1902,  134,  569. 

'  See  Miers,  Mineralo'jy,  Sections  XV.  and  XVI.  (London,  Macmillan 
&  Co.,  1902). 
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Detection  and  Estimation  of  Magnesium. 

293  Magnesium  and  its  compounds  do  not  impart  any  tint  to 
the  non-luminous  gas-flame.  The  spark  spectrum  of  magnesium 
is,  however,  verj'  characteristic  (Bunsen,  Kirchhoff,  Thalen), 
giving  lines  in  the  green  coincident  with  Fraunhofer's  h.  The 
brightest  of  these  lines  is  situated  very  close  to  an  air-line, 
and  for  this  reason  it  is  better  to  observe  the  magnesium  spark 
in  an  atmosphere  of  hydrogen,  or  in  one  of  coal-gas,  than  in 
the  air  (Bunsen). 

In  the  course  of  ordinary  qualitative  analysis,  magnesium  is 
obtained  together  with  the  alkali  metals,  as  it  is  not  precipitated 
by  ammonium  carbonate  in  presence  of  ammonium  chloride.  The 
presence  of  magnesium  is  readily  detected  by  the  addition  of 
sodium  phosphate  to  a  portion  of  the  solution,  as  on  standing 
for  a  short  time  a  crystalline  precipitate  of  Mg(NH^)P04,6H20 
is  deposited.  The  formation  of  this  precipitate  is  greatly 
accelerated  by  stirring  the  solution  with  a  glass  rod,  when  the 
crystals  are  deposited  where  the  rod  has  scratched  the  glass. 

Magnesium  is  usually  estimated  by  precipitation  as  magnes- 
ium ammonium  phosphate  by  means  of  sodium  phosphate 
in  the  presence  of  ammonia  and  ammonium  chloride.  The 
precipitate  is  washed  with  dilute  ammonia,  in  which  it  is 
less  soluble  than  in  pure  water,  and  is  then  converted  by 
ignition  into  the  pyrophosphate,  which  is  weighed.  The 
quantitative  separation  of  magnesium  from  the  alkalis  is 
accomplished  by  the  method  proposed  by  Berzelius.  The 
solution,  which  must  contain  the  metals  in  the  form  of  chlorides, 
as  is  indeed  always  the  case  in  the  analysis  of  silicates,  &c., 
is  evaporated  to  dryness,  and  the  residue  ignited  in  order 
to  volatilise  the  ammoniacal  salts.  The  fixed  residue  is  then 
warmed  with  a  small  quantity  of  water,  and  a  little  finely 
divided  oxide  of  mercury  added,  the  mixture  again  evaporated 
to  dryness  on  a  water-bath,  and  the  residue  ignited  in  order  to 
expel  the  mercuric  chloride  and  excess  of  oxide.  The  residue 
contains  the  magnesium  in  the  form  of  the  insoluble  oxide, 
whilst  the  alkali  metals  remain  as  chlorides,  which  are  extracted 
by  water  and  estimated.  The  precipitation  of  the  magnesia 
can  also  be  effected  by  means  of  baryta  water,  the  excess  of 
baryta  being  subsequently  removed  by  treatment  with  carbon 
dioxide.     The   magnesia,   after   having   been   well   washed,  is 
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dissolved    in   hydrochloric   acid,    and   precipitated  as  the  am- 
monium magnesium  phosphate. 

The  Atomic  Weight  of  magnesium  was  very  carefully  deter- 
mined by  Marignac  ^  by  the  analysis  and  synthesis  of  magnesium 
sulphate,  the  average  number  obtained  being  24"20.  Burton 
and  Vorce,''  by  converting  a  known  weight  of  pure  magnesium 
into  magnesia,  obtained  the  number  2410,  whilst  Richards  and 
Parker,^  by  the  analysis  of  the  anhydrous  chloride,  prepared 
by  heating  ammonium  magnesium  chloride,  NH^CljMgClj,  in 
dry  hydrogen  chloride,  obtained  the  value  24'32,  which  is  at 
present  (1913)  accepted. 


ZINC.     Zn  =  65-37. 

294  The  ancients  were  acquainted  with  the  alloy  of  zinc,  and 
copper  which  we  term  brass,  but  they  were  not  aware  that  it 
contained  any  other  metal  besides  copper,  and  it  was  only  after 
some  time  that  a  more  accurate  examination  of  brass  and  the 
ores  which  were  employed  for  its  production  led  to  the  recogni- 
tion of  zinc  as  an  elementary  body.  Aristotle,  in  the  fourth 
century  B.C.,  mentions  the  preparation  of  brass  under  the  name 
of  Mossinoecian  copper,  which  he  describes  as  being  bright  and 
light-coloured,  not  produced  by  the  addition  of  tin,  but  by  its 
having  been  melted  with  a  peculiar  earth  found  on  the  shores 
of  the  Black  Sea.  The  early  use  of  brass  is  clearly  proved  by 
the  following  analysis  by  Tookey,  quoted  by  Percy,  of  an 
undoubtedly  genuine  Greek  coin  of  Trajan  struck  in  Caria 
A.D.  110  :— 

Copper 77-59 

Zinc 20-70 

Tin 0-39 

Iron ■ 027 


98-95. 


This  ore,  by  means  of  which  copper  could  be  coloured  yellow, 
was  termed  Ka8/jsl,a  or  cadmia,  by  Dioscorides  and  Pliny.  The 
same  word  is  also  used  by  the  latter  author  to  designate  the 

1  Jahreai.,  1883,  42.         2  ^,„g^  q}^^^_  j^   jg92_  I2_  219. 
^  Zeit.  anorg.  Chem.,  1896,  13,  81. 
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sublimate,  consisting  of  impure  oxide  of  zinc,  found  in  the 
brassfounders'  furnaces.  It  has  already  been  stated  in  the 
Historical  Introduction  that  the  older  alchemists  were  ac- 
quainted with  the  means  of  turning  copper  a  yellow  colour. 
The  material  by  which  this  change  was  brought  about  was 
termed  in  the  Latin  translation  of  their  works  tutia.  Agricola 
believed  that  brass  was  a  mixture  of  copper  and  earth  termed 
galmei  or  calamine,  and  he-  describes  the  employment  of  cadmia 
in  the  place  of  the  natural  ore  as  follows  :  "  Sunt  qui  in 
cadmise  fossilis  locum  cadmiani  fornacum  substituunt." 

The  word  zinc  is  first  found  in  the  writings  of  Paracelsus, 
who  also  pointed  out  that  zinc  was  a  metal.  He  says  in  his 
treatise  on  minerals  :  "  There  is  another  metal  called  the  zinken, 
which  is  unknown  to  the  fraternity,  and  is  a  metal  of  a  very 
singular  kind."  In  other  places  he  describes  it  as  a  bastard  or 
semi-metal.  The  word  zinc  occurs  in  many  subsequent  authors, 
and  sometimes  it  is  employed  to  denote  the  metal,  at  other  times 
the  ore  from  which  the  metal  is  obtained.  Libavius  was  the  first 
to  investigate  the  properties  of  zinc  more  exactlj'^,  although  he 
was  not  aware  that  the  metal  was  derived  from  the  ore  known  as 
calamine.  He  states  that  a  peculiar  kind  of  tin  is  found  in 
the  East  Indies  called  calaem.  Some  of  this  was  brought  to 
Holland,  and  came  into  his  hands.  He  describes  its  outward 
appearance  and  general  properties  minutely,  and  compares  them 
with  those  of  the  other  metals,  laying  very  particular  stress 
upon  the  fact  that  when  heated  in  the  air  this  metal  takes  fire 
and  burns.  The  exact  nature  of  zinc  and  its  ores  continued 
doubtful  during  the  seventeenth  century.  Glauber,  it  is  true, 
stated  that  calamine  was  an  ore  of  zinc,  but  Lemery  so  late  as 
1675  believed  that  zinc  was  identical  with  bismuth,  and  Boyle 
often  employed  the  names  zinc  and  bismuth  indiscriminately 
for  the  same  substance,  also  using  the  word  spiauter  (our 
English  spelter),  a  name  apparently  of  Eastern  origin.  In 
general  it  was  believed  that  the  brass  which  was  obtained  from 
copper  and  calamme  contained  the  latter  substance  as  such. 
The  view  that  brass  is  an  alloy  was  first  put  forward  by  Kunkel 
at  the  end  of  the  seventeenth  century.  He  says  in  his  Labora- 
torium,  "  I  have  already  remarked  in  my  annotations  that 
calamine  allows  its  mercurial  (metallic)  part  to  pass  into  the 
copper  and  form  brass.  For  thou  wilt  never  believe  that  as  a 
sal  it  could  tinge  copper ;  as  a  terra  it  cannot  enter  it,  since  it 
would  make  the  copper  brittle,  and  moreover  could  not  tinge. 

X  T  2 
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it."  Stahl  afterwards  gave  it  as  his  opinion  that  calamine  could 
turn  copper  into  brass  by  being  first  con  verted  into  zinc. 

According  to  W.  Hommel/  the  name  zinc  is  erroneously 
attributed  to  Basil  Valentine  and  the  discovery  of  the  metal  to 
Paracelsus,  for  the  identification  of  zinc  as  the  metal  from 
blende  was  only  accomplished  by  Romberg  in  1695. 

The  preparation  of  zinc  on  the  large  scale  appears  to  have 
been  first  carried  out  in  England.  According  to  Bishop  Watson, 
zinc  works  were  first  established  at  Bristol  about  the  year  1743. 
"In  about  the  year  1766  Watson  visited  Mr.  Champion's  works 
near  Bristol  and  saw  the  process  of  making  zinc,  which  at  that 
time  was  kept  rigidly  secret.  Many  years  afterwards  he 
published  an  accurate  description  of  this  process,  which  is  the 
same  as  that  hereafter  described  as  the  English  process" 
(Percy).^  The  first  Continental  zinc  works  were  erected  in 
1807  at  Liege. 

Zinc  is  said  to  have  been  found  in  the  native  state  near 
Melbourne,  in  Australia,  but  it  occurs  chiefly  as  zinc  blende  or 
zinc  sulphide,  ZnS,  which,  when  of  a  yellow  colour,  is  known  as 
rosin-blende,  and  when  of  a  dark  colour  as  black-jack.  It  is 
found  in  England,  in  many  districts  in  Europe  and  America, 
and  also  in  New  South  Wales.  Another  ore  which  was  formerly 
of  chief  importance  is  calamine,  smithsonite  or  zinc-spar,  ZnCOj, 
found  near  Altenberg,  in  the  neighbourhood  of  Aix-la-Chapelle, 
at  Wiesloch,  in  Belgium,  Spain,  Siberia,  and  North  America,  as 
well  as  at  Alston  Moor,  Lead  Hills,  Donegal,  and  Matlock  in 
Great  Britain  and  Ireland.  It  also  occurs  as  siliceous  or  electric 
calamine,  or  hemimorphite,  Zn^SiO^.H^O,  found  together  with 
zinc-spar. 

Other  ores  of  zinc  are  franklinite,  (Zn,Fe,Mn)0,(Fe,Mn)203 ; 
red  zinc  ore,  or  oxide  of  zinc,  which  derives  its  peculiar  colour 
from  the  presence  of  oxide  of  manganese ;  hydrozincite, 
ZnC03,2Zn(OH), ;  aurichalcite,  2(Cu,Zn)C03,3(Cu,Zn)(OH)2 ; 
zinc  sulphate  or  goslarite,  ZnSO^.TH^O,  and  gahnite  or  zinc- 
spinel,  ZnO,Aip3,  &c.  Zinc  has  been  found  in  the  ashes  of 
the  yellow  pansy  ( Viola  calarminaris),  and  of  many  other  plants 
growing  in  soil  which  contains  zinc.^ 

295  Smelting  of  Zinc. — In  former  times  calamine  was  the 
only  ore  of  zinc  from  which  the  metal  was  extracted,  but  at 
the  present   time  large  quantities  of  zinc  silicate,  a  mineral 

1  Chem.  Zeit.,  1912,  36,  905.  ^  Metallurgy,  i.,  521. 

^  See  also  Javillier,  Btdl.  Set.  Pharm.,  1908,  15,  559. 
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occurring  with  the  carbonate,  are  employed  for  the  preparation 
of  zinc,  whilst  zinc  blende  is  the  chief  source.  In  America  the 
metal  is  extracted  from  franklinite  and  from  the  red  zinc  ore. 
The  first  process  in  the  preparation  of  zinc  usually  consists  in 
the  roasting  of  the  ore  in  order  to  drive  off  the  carbonic  acid 
and  water  which  it  contains,  and,  in  the  case  of  zinc  blende,  to 
convert  the  sulphide  into  oxide.  In  roasting  the  latter  ore 
great  care  has  to  be  taken  to  prevent  the  formation  of  zinc 
sulphate,  a  salt  which  requires  a  very  high  temperature  for 
its  decomposition,  and  which,  if  not  decomposed,  would  be 
again  converted,  in  the  process  of  reduction  which  follows,  into 
sulphide,  and  thus  cause  a  considerable  loss. 

This  roasting  may  take  place  in  simple  shaft  or  reverberatory 
furnaces,  but  large  mechanical  furnaces  are  now  being  used, 
these  being  cither  revolving  furnaces,  long-bedded  furnaces  with 
mechanical  stirrers,  or  muffle  furnaces,  also  worked  mechanically. 
Blende  is  sometimes  roasted  in  a  Hasenclever  furnace,  which  is 
of  the  muffle  type,  but  so  arranged  that  the  sulphur  dioxide 
evolved  may  be  used  in  the  manufacture  of  sulphuric 
acid.i 

The  reduction  of  the  zinc  ores  was  formerly  carried  on 
in  England  by  a  process  termed  distillation  per  descensum 
The  mixture  of  ore  and  coal  was  heated  in  crucibles  closed  at 
the  top,  but  having  a  pipe  leading  from  the  bottom  stopped 
by  a  wooden  plug.  The  latter  was  quickly  carbonised,  thus 
becoming  porous  and  allowing  the  vapour  of  the  reduced 
zinc  to  pass  down  the  tube,  where  it  was  condensed.  This  plan 
necessitated  a  large  consumption  of  fuel,  and  has  therefore  been 
abandoned. 

In  the  Belgian  process,  tube-shaped  retorts  made  of  refractory 
fire-clay  are  employed.  These  may  be  either  circular  or  ellip- 
tical in  cross-section,  and  vary  from  3  feet  3  inches  to  5  feet  in 
length,  the  circular  retorts  being  about  6  to  10  inches  in 
diameter,  and  the  elliptical  retorts  about  7  inches  by 
9  inches.  To  the  open  end  a  conical  clay  tube  is  luted, 
about  16  inches  in  length,  and  having  a  diameter  of  6  inches 
at  one  end  and  3  inches  at  the  other,  and  to  this  adapter 
is  fitted  a  sheet-iron  condenser  or  nozzle  which  serves  to  catch 
any  particles  of  metal,  and  to  condense  zinc  fume.  The  furnaces 
in  which  these  retorts  are  heated  were  formerly  fired  with  coal, 
but  now  gas-fired  furnaces  are  often  used  with  or  without 
1  Zeit.  Ver.  Deutsch.  Iny.,  1872,  505. 
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Siemens'-  regenerator  arrangement.  Fig.  165  shows  such  a 
furnace  with  regenerators. 

The  number  of  retorts  per  furnace  varies  considerably.  In 
coal-fired  furnaces  from  6  to  9  rows  are  used,  and  each  furnace 
may  have  48  or  more  retorts.  In  gas-fired  furnaces  4  to  6  rows 
only  are  used,  but  these  are  much  longer  and  may  have  from 
56  to  72  retorts  in  each  row.  The  retorts  are  fixed  in  a  slightly 
slanting  direction  to  allow  the  spent  charge  to  be  easily  with- 
drawn at  the  end  of  the  operation. 

A  mixture  of  2  parts  of  ground  roasted  ore  and  1  part  of 
coal  dust  is  brought  into  the  retorts,  each  holding  about  40  lbs. 


Fig.  165. 

of  the  mixture.  As  soon  as  the  temperature  has  risen  high 
enough,  the  reduction  begins,  and  carbon  monoxide  is  evolved 
and  burns  from  the  end  of  the  clay  adapter  with  a  blue  flame. 
After  a  while  the  flame  becomes  much  more  brilliant,  showing 
that  the  metal  is  beginning  to  volatilise  ;  the  iron  condenser  is 
then  placed  on  to  the  end  of  the  clay  adapter,  and  the  metallic 
vapours  are  thus  condensed.  After  about  three  hours  the  iron 
condenser  is  taken  away  and  the  oxide  knocked  out.  A  ladle 
is  then  held  under  the  mouth  of  the  clay  adapter,  and  the 
melted  zinc  which  has  accumulated  therein  is  scraped  out. 
The  iron  receiver  is  then  again  fixed  in  its  place,  and  after  a 
further  period  of  four  hours  the  operation  is  repeated.     It  is 


METALLURGY   OF   ZINC 


647 


completed  in  about  twenty  hours.  The  exhausted  charge  is 
then  removed  from  the  retort  and  a  fresh  one  introduced.  In 
this  way  one  charge  is  worked  off  from  each  retort  in  twenty- 
four  hours. 

In  the  Silesian  process,  clay  retorts  or  muffles  (Fig.  166)  about 
1  metre  long  are  arranged  side  by  side  in  the  horizontal  bed  of 
a  reverberatory  furnace  (Fig.  167).  No  fewer  than  30  or  40 
muffles  are  thus  arranged,  and  these  may  contain  1 ,500  to  2,000 


Fig.  166. 


Fig.  167. 


kilos,  of  the  mixture  of  coal  and  roasted  ore.  This  mixture  is 
introduced  through  a  luted  clay  door  in  the  muffle  or  retort. 
When  the  temperature  has  risen  sufficiently  high,  the  vapour 
of  the  reduced  zinc  passes  out  of  the  retort  by  a  bent  clay  pipe 
(a,  Fig.  166),  and  condenses  in  an  iron  tube,  falling  down  into  an 
iron  tray  placed  in  a  closed  recess  (o,  Fig.  167),  in  the  furnace. 
In|^this  process  a  considerable  quantity  of  zinc  is  burnt,  pro- 
ducing zinc  oxide,  known  as  Silesian  zinc-flowers. 

A  combination  of  the  Belgian  and  Silesian  methods  is  being 
largely  employed  in  the  Belgo-Silesian  furnace  (Fig.  168).  One 
modification -of  this  consists  of  a  furnace,  having  three  rows  of 
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muffles,  the  bottom  row  being  supported  throughout  their  whole 
length  upon  the  hearth,  while  the  upper  rows  are  supported  at 
their  ends  only,  as  in  Belgian  furnaces.  These  furnaces  are 
generally  gas-fired,  arrangements  being  made  for  heating  the  air 
necessary  for  the  combustion  by  means  of  the  heat  of  the  waste 
gases. 

Other  methods  for  extracting  zinc  from  its  ores  have  been 
used  with  more  or  less  success;  these  include  reduction  in 
electric  furnaces  of  the  "  arc  "  and  also  of  the  "resistance  "  type, 
and  also  wet  processes  in  which  the  zinc  is  first  brought  into 


Fifi.  168. 


solution,  and  then  either  precipitated  as  a  compound  suitable 
for  reduction  or  as  metallic  zinc  by  electro-deposition. 

Commercial  zinc  is  seldom  perfectly  pure.  It  almost  always 
contains  small  quantities  of  lead,  iron,  and  carbon.  Not 
infrequently  silver,  cadmium,  and  small  traces  of  arsenic,  anti- 
mony, and  other  metals  are  met  with.  The  chemical  purity  of 
zinc  may  be  readily  ascertained  by  the  fact  that,  when  pure,  it 
is  scarcely  attacked  by  dilute  sulphuric  acid,  whereas  common 
impure  zinc  dissolves  readily  under  the  same  circumstances 
(p.  649). 

2g6  Properties. — Zinc  has  a  bluish-white  colour,  melts  at  a 
temperature  of  419°  (Heycock  and  Neville),  and  boils  at  918° 
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(D.  Berthelot).^  The  vapour  density  of  zinc  is  2-36,  so  that  its 
molecular  and  atomic  weights  are  identical.^  If  zinc  is  heated 
to  its  melting  point,  but  not  to  a  higher  temperature,  poured 
out  upon  a  non-conducting  surface,  and  the  molten  metal  then 
poured  off  from  the  portion  which  has  solidified,  the  metal  is 
obtained  in  the  crystalline  form,  consisting  of  hexagonal  prisms 
and  pyramids  or  rhombohedra.  Commercial  zinc  has  a  coarsely 
laminar  texture.  It  is  moderately  hard  and  difficult  to  file,  and 
when  bent  after  fusion  emits  a  crackling  noise,  not  so  loud  as 
that  emitted  by  tin.  Zinc  exhibits  the  greatest  degree  of 
ductility  and  malleability  at  temperatures  between  100°  and 
150°,  at  which  it  may  be  drawn  out  into  wire  and  rolled  into 
plate.^  On  the  other  hand,  it  is  so  brittle  at  205°  that  it  may 
be  powdered  in  a  mortar.  The  specific  gravity  of  zinc  which 
has  been  distilled  in  vacuo  is  6'9225  at  2074°,  and  this 
rises  to  7"1272  when  the  metal  is  submitted  to  a  pressure  of 
10,000  atmospheres.* 

Zinc  has  been  obtained  by  the  electrical  method  in  the 
colloidal  state,  forming  a  brown  solution  in  ether,^  and  also  as 
an  unstable  hydrosol.^ 

Zinc  vapour  readily  burns  in  air,  the  combustion  being 
shown  by  holding  thin  zinc  turnings  in  the  flame  of  a  lamp,  or 
better  still,  by  placing  zinc  in  a  white-hot  crucible,  and  expos- 
ing the  surface  to  the  air  or  stirring  it  with  an  iron  rod,  when 
the  metal  burns  with  a  bright  white  flame. 

Pure  zinc  is  very  slowly  dissolved  by  dilute  sulphuric  acid, 
whilst  the  impure  metal  readily  dissolves  with  evolution  of 
hydrogen.  The  inactivity  of  the  former  is  due  to  the  fact  that 
a  film  of  hydrogen  forms  on  the  surface  of  the  zinc  and  prevents 
the  further  action  of  the  acid;  if,  however,  impurities  are  present, 
these  form  galvanic  couples  with  the  zinc,  and  as  they  are 
electro-negative  to  zinc  the  hydrogen  is  evolved  from  them, 
leaving  the  surface  of  the  zinc  continuously  exposed  to  the 
action  of  the  acid.^    If  a  few  drops  of  a  solution  of  the  sulphate  of 

1  Compt.  rend.,  1900,  131,  380  ;  1902,  134,  705.  Compare  Le  Chatelier, 
ibid.,  1895,  121,  323. 

■''  V.  Meyer,  Ber.,  1886,  19,  3295.  See  also  Biltz,  Joarn.  Chem.  Soc, 
1896,  70,  ii,  152. 

»  Hobson  and  Sylvestra,  Gilbert's  Ann.,  1806,  24,  104. 

"  Kahlbaum,  Roth,  and  Siedler,  Zeit.  anorg.  Ghevi.,  1902,  29,  177. 

»  Svedberg,  Ber.,  1905,  38,  3616. 

'  Billitzer,  Ber.,  1901,  35,  1929. 

'  Weeren,  Ber.,  1891,  24,  1785. 
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copper,  cobalt,  or  nickel,^  or  of  platinum  chloride,  be  added  to  the 
acid  in  which  the  pure  zinc  is  placed,  hydrogen  is  rapidly  evolved, 
owing  to  the  deposition  of  copper  or  platinum  on  the  zinc,  which 
acts  in  the  manner  above  described.  When  zinc  is  heated  with 
concentrated  sulphuric  acid,  sulphur  dioxide  is  evolved,  and  no 
hydrogen  sulphide  is  produced.^  Zinc  dissolves  also  in  hydro- 
chloric acid  with  evolution  of  hydrogen  and  formation  of  the 
chloride ;  with  nitric  acid,  solution  also  takes  place,  with 
evolution  of  nitric  oxide,  nitrous  oxide,  or  ammonia  according 
to  the  conditions  of  the  experiment,  the  last  named  uniting 
with  the  excess  of  nitric  acid  to  form  ammonium  nitrate.  Zinc 
dissolves  also  in  solutions  of  the  alkalis  with  evolution  of 
hydrogen,  the  zinc  hydroxide  first  formed  dissolving  in  the  excess 
of  alkali. 

Zinc  when  exposed  to  the  atmosphere  is  gradually  attacked,  a 
scale  of  basic  carbonate  being  formed,^  and  it  is  also  attacked 
and  partially  dissolved  by  water.* 

Commercial  zinc  usually  contains  arsenic,  which  may  be 
removed  by  adding  02  per  cent,  of  metallic  sodium  to  the  fused 
metal,  skimming  off  the  surface  layer  and  then  granulating  the 
metal  by  pouring  it  into  cold  water.^ 

Zinc  is  largely  employed  in  the  form  of  sheets  for  a 
variety  of  technical  purposes,  and  is  also  much  used  in  the  manu- 
facture of  brass,  an  alloy  of  the  metal  with  copper.  Zinc  is  also 
used  for  desilverising  lead,  for  galvanising  iron,  for  electrical 
batteries,  for  the  precipitation  of  gold  from  its  solution  in  potass- 
ium cyanide,  and  for  a  great  number  of  other  purposes.  Metallic 
zinc  in  the  form  of  fine  dust  is  obtained  in  considerable. quantity 
in  the  manufacture  of  the  metal,  mixed  with  a  certain  amount 
of  oxide  of  zinc.  This  mixture,  called  zinc  dust,  is  a  valuable 
reducing  agent,  often  used  for  this  purpose  in  organic  chem- 
istry, and  also  on  a  large  scale  for  the  reduction  of  indigo- 
blue  :  it  is  likewise  employed  as  a  paint  for  iron  articles.  In 
order  to  free  the  powder  from  oxide  of  zinc,  it  is  only  neces- 
sary to  allow  it  to  remain  for  some  time  in  contact  with  very 
dilute    hydrochloric   acid.     The  residue    is  first    washed   with 

1  See  Ball,  Journ.  Chem.  Soc,  1897,  71,  642. 

'  Berlhelot,  Ann.  Chim.  Phys.,  1898,  [7],'  14,  176  ;  Adie,  Proc.  Chem.  Soc, 
1899,  15,  133. 

■'  Moody,  Proc.  Chem.  Soc,  1903,  19,  273. 

*  Davies,  J.  Soc  Chem.  hid.,  1899,  18,  102. 

^  Hehner,  /.  Soc.  Chem.  ImL,  1902,  21,  675;  Thome  and  Jeffers,  Analynl, 
1906,  31,  101. 
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water  and  then  with  pure  alcohol,  after  which  it  is  dried  and 
preserved.  If  exposed  to  the  air  in  mass  in  a  damp  state,  it  is 
liable  to  ignite  spontaneously. 


Alloys  of  Zinc. 

297  The  most  important  alloys  of  zinc  are  those  which  it 
forms  with  copper,  which,  as  already  stated,  were  known  long 
before  metallic  zinc  had  itself  been  isolated. 

The  following  table  gives  the  composition  of  a  variety  of 
copper-zinc  alloys : — 


Gold- 

like 

alloy- 

used  by 

watch- 

makers. 

Copper  .. 

58-86 

Zinc  

40-22 

Tin    

— 

Lead  

1-90 

Iron  

— 

100-98 

Ai  ell's 
metal 


60-20 
38-10 


—  1-60 


Brass  fiom 


Tombac. 


Ocker. 


62-24 

37-27 

0-12 

0-59 

0-12 


Stoll- 
berg. 


65-80 

.33-80 

0-25 

0-28 


Eng- 
land. 


70-30 

29 -.30 

017 

0-28 


English.  Viennese. 


86-38 
13-61 


Roman 
coin  of 

the  reign 
of  Titus. 


97-8       96  06 
2-2        2-71 


0-85 


99-90     100-34 ;  100-13    100-05     99-99  1   100-0      9962 


Br  Ass,  which  has  long  been  known,  was  up  to  the  year  1780 
always  made  by  strongly  heating  copper  together  with  calamine 
and  charcoal  or  coal.  The  coal  reduces  the  calamine  to  the 
metallic  condition,  and  the  zinc,  instead  of  passing  off  as  vapour, 
combines  with  the  copper,  and  forms  brass.  At  the  present  day, 
however,  brass  is  prepared  by  adding  the  requisite  quantity  of 
metallic  zinc  to  molten  copper.  The  composition  of  brass  varies 
considerably ;  common  brass,  sometimes  termed  English  brass, 
contains  about  two  parts  of  copper  to  one  of  zinc.  When  more 
copper  is  added  the  colour  becomes  reddish.  That  containing 
about  SO  per  cent,  of  copper  is  termed  German  or  Dutch  brass 
or  tombac.  On  the  other  hand,  an  additional  proportion  of  zinc 
yields  a  light  yellow  metal  known  as  Muntz  metal,  an  alloy 
which  was  first  prepared  by  Muntz,  in  the  year  1832,  and  has 
since  been  very  largely  used  for  the  sheathing  of  ships.  An- 
other such  alloy,  named  Aich's  metal  from  its  inventor,  is 
malleable  when  hot. 

Brass  and  the  other  copper-zinc  alloys  are  all  harder  than 
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copper ;  they  are  malleable,  and  can  be  hammered  and  rolled 
into  thin  plates  and  drawn  out  to  fine  wire :  they  can  also  be 
readily  worked  in  the  lathe.  These  properties,  as  well  as  their 
beautiful  colour,  bright  lustre,  and  cheapness,  render  them 
most  useful  in  the  arts  and  manufactures. 


COMPOUNDS    OF    ZINC. 

Zinc  and  Oxygen. 

298  Zinc  Oxide,ZnO. — This  compound  occurs  as  the  mineral 
zincite  or  red  zinc  ore,  which  consists  of  a  mixture  of  zinc  oxide 
with  0"7  to  12  per  cent,  of  red  oxide  of  manganese.  It  occurs, 
especially  in  New  Jersey,  in  red  or  orange-yellow  hexagonal 
crystals  or  in  a  granular  mass.  Zinc  oxide  is  also  occasionally 
found  in  the  crystalline  state  in  brass-melting  furnaces,  as  well 
as  in  the  zinc  furnaces.  It  has  alreadj"-  been  mentioned  that 
the  finely  divided  oxide  was  known  to  the  ancients  as  tutia, 
pompholyx  or  flowers  of  zinc,  and  Dioscorides  states  that  if 
too  much  cadmia  is  employed  in  the  manufacture  of  brass, 
pompholyx  is  formed  like  tufts  of  wool,i  whence  the  name  Lana 
pMlosophica  was  given  to  this  substance  by  the  alchemists.  The 
similarity  between  the  oxide  of  zinc  obtained  by  combustion  and 
flakes  of  snow  led  the  alchemists  to  term  it  nix  alba ;  this  was 
translated  into  German  as  "  weisses  Nichts,"  and  retranslated 
into  Latin  as  "  nihilum  album." 

Zinc  oxide  is  known  in  commerce  as  "  zinc  white,"  and  is  pre- 
pared on  the  large  scale  and  used  as  a  paint.  It  is  obtained 
by  the  distillation  of  zinc  in  earthenware  retorts,  the  burning 
vapours  of  the  zinc  being  brought  into  chambers  through  which 
a  current  of  air  is  passed  and  the  oxide  allowed  to  deposit  in  a 
second  chamber.  The  preparation  of  zinc  white  directly  from 
the  ore  has  been  carried  on  at  Li^ge.^ 

Zinc  oxide  is  prepared  for  pharmaceutical  purposes  by  pre- 
cipitating a  solution  of  zinc  sulphate  with  sodium  carbonate 
and  igniting  the  basic  carbonate  thus  thrown  down.  As  the 
commercial  zinc  sulphate  frequently  contains  Epsom  salts  (mag- 
nesium sulphate)  as  an  impurity,  it  is  best,  in  order  to  obtain 
the  pure  compound,  to  dissolve  zinc  in  dilute  sulphuric  acid, 

2  See  Hofmann's  Ber.  Entio.  Ohem.  Ind.,  i.,  919. 
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and  then  either  to  treat  the  solution  with  sulphuretted  hydro- 
gen, or  to  allow  the  solution  to  remain  for  some  time  in  contact 
with  metallic  zinc,  in  order  to  precipitate  the  cadmium,  copper, 
arsenic,  and  other  metals.  To  the  filtrate  a  small  quantity  of 
an  alkaline  solution  of  sodium  hypochlorite  is  added,  in  order  to 
throw  down  the  iron,  manganese,  &c. ;  the  solution  is  then 
filtered,  and  poured  in  a  thin  stream  into  a  boiling  solution  of 
pure  sodium  carbonate.  The  precipitate  is  washed  with  boiling 
water,  and,  after  drying,  it  is  gently  ignited  in  a  glass  flask  or 
platinum  basin. 

Zinc  oxide  has  a  specific  gravity  of  5'6  ;  when  hot  it  possesses 
a  lemon-yellow  colour,  but  on  cooling  it  becomes  white.^  When 
heated  in  the  oxy-hydrogen  flame  it  emits  a  brilliant  white 
light,  and  after  being  thus  heated,  phosphoresces  for  some  time 
in  the  dark.  It  evaporates  at  an  appreciable  rate  at  1400°  and 
rapidly  volatilises  in  the  electric  furnace,  the  vapour  con- 
densing in  long,  transparent  crystals.^  It  is  probable  that  the 
oxide  undergoes  polymerisation  when  heated,  a  smaill  amount 
of  heat  being  evolved  in  the  process.  The  anhydrous  oxide 
gradually  takes  up  water  from  the  air.^ 

The  reduction  of  zinc  oxide  by  carbon  in  an  atmosphere  of 
nitrogen  begins  at  800°,  and  increases  rapidly  with  rise  of  tem- 
perature. Its  reduction  by  carbon  monoxide  begins  at  600",  and 
also  increases  rapidly  with  rise  of  temperature.* 

It  readily  dissolves  in  acids,  forming  the  corresponding  zinc 
salts,  which  are  colourless,  unless  the  acid  be  coloured.  The 
normal  soluble  salts  redden  litmus  solution  ;  they  possess  a  dis- 
agreeable metallic  taste,  and  act  as  poisons  and  emetics. 

Zinc  Hydroxide,  Zn(0H)2,  is  obtained  as  a  white  powder, 
when  caustic  potash,  caustic  soda,  or  ammonia  is  added  to  a 
solution  of  a  zinc  salt,  but  when  prepared  in  this  way  it  usually 
contains  small  amounts  of  a  basic  zinc  salt.  It  is  very  soluble 
in  an  excess  of  these  reagents,  zinc  oxide  acting  as  an  acid- 
forming  oxide  towards  the  strong  alkalis,  and  it  is  upon  this 
fact  that  the  solution  of  zinc  in  alkalis  with  evolution  of 
hydrogen  depends.  This  reaction  takes  place  especially  quickly 
in  presence  of  metallic  iron.      If  metallic  zinc  is  allowed  to 

1  Compare  Schiipphaus,  J.  Soc.  Chem.  Iiul,  1899,  18,  987. 

2  Moissan,  Compt.  rend.,  1892,  115,  1034. 

3  de  Forerand,  Gompt.  rend.,  191)2,  134,  1426  ;  135,  36  ;  Ann.  Chim.  Phy-^., 
1902,  [7],  27,  26. 

■•  Doeltz  and  Uraiiinami,  Melalluryie,  1907,  4,  290. 
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remain  under  the  surface  of  a  solution  of  ammonia  in  contact 
with  iron  or  copper,  zinc  hydroxide  crystallises  from  the  solution 
in  colourless,  transparent  rhombic  prisms  (Runge) ;  and  if  a 
saturated  solution  of  the  hydroxide  in  caustic  potash  is  allowed 
to  stand,  regular  octahedra  of  the  compound,  Zn(OH)2,H20,  are 
formed  (Bodeker). 

The  crystalline  hydroxide  is  stable  up  to  85°  in  the  air,  but 
loses  all  its  water  at  130-140°,  except  a  trace  which  is  driven  off 
only  at  a  red  heat.  The  amorphous  hydroxide,  on  the  other  hand, 
loses  its  water  gradually  as  the  temperature  rises  (de  Forcrand). 
The  hydroxide  is  soluble  in  about  190,000  parts  of  water  at 
18°.i  It  is  readily  soluble  in  caustic  alkalis  and  in  ammonia, 
but  is  insoluble  in  dimethylamine.^ 

In  its  behaviour  to  alkalis  it  may  be  regarded  as  a  weak  acid, 
HjZnOj,  but  the  salt  formed  is  very  largely  hydrolysed,  the 
amount  of  the  hydroxide  dissolved  by  an  alkali  being  a  function 
of  the  concentration  of  the  latter.'  Freshly  precipitated  zinc 
hydroxide  requires  nearly  7  molecular  proportions  of  caustic 
soda  in  concentrated  solution  to  dissolve  it  completely,  and  the 
solution  thus  formed  is  not  permanent,  zinc  hydroxide  being 
gradually  precipitated  from  it  in  a  less  soluble  form.  Only  a 
very  small  amount  of  a  sodium  zincate  is  ever  present  in  the 
solution,  the  greater  part  of  the  dissolved  hydroxide  being 
probably  present  in  the  colloidal  state.*  When  the  hydroxide 
dissolves  in  ammonia,  on  the  other  hand,  a  complex  hydroxide, 
the  formula  of  which  is  still  unsettled,  is  probably  formed.^ 

Zinc  Peroxide,  ZnOg. — A  product  containing  zinc  peroxide  is 
formed  by  the  action  of  hydrogen  peroxide  on  the  hydroxide,'^ 
and  by  the  electrolysis  of  a  solution  of  zinc  chloride  with  a 
porous  diaphragm,  hydrogen  peroxide  being  added  to  the 
cathode  compartment.''  It  forms  a  yellowish  powder  containing 
variable  amounts  of  zinc  hydroxide  and  water.^     Zinc  peroxide 

^  Uupr^,  jun.,  and  Bialas,  Zeit.  angew.  Chem.,  1903,  16,  54. 

••^  Herz,  Zeit.  anorg.  Chem..,  1901,  26,  90. 

■'  Bubenbauer,  Zeit.  anory.  Chem.,  1902,  30,  331  ;  Moir,  Proc.  Chem.  8oc., 
1905,  21,  310.  See  also  Kuriloff,  Zeit.  Elehtrochem. ,  1906,  12,  209  ;  Bull.  Acad. 
St.  Pitersbourg,  1901,  1,  95. 

■•  Hantzsch,  Zeit.  anorg.  Gkem.,  1902,  30,  289. 

"  Dawson  and  McCrae,  Jou.rn.  Chem.  Soc.,  1900,  77,  1239 ;  Euler,  Ber.,  1903, 
36,  3400;  Bonsdorff,  Zeit.  anorg,  Cliem.,  1904,  41,  132. 

6  KuriloEf,  Compt.  rend.,  1903,  137,  618;  de  Forcrand,  ihid.,  1902,  134, 
601 ;  135,  103. 

'  Foregger  and  Philipp,  J.  Soc.  Chem.  Ind.,  1906,  25,  398. 

'^  Hiuz,  German  Patent,  151129. 
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may  also  be  formed  by  the  action  of  30  per  cent,  hydrogen 
peroxide  solution  on  potassium,  sodium,  or  ammonium  zinc- 
oxide.^ 


Zinc  and  the  Halogens. 

299  Zinc  Chloride,  ZnClg. — Impure  chloride  of  zinc  was  first 
prepared  by  Glauber.  He  describes  in  his  Be  furnis  novis  philo- 
sophicis,  published  in  1648,  an  oleum  lapidis  calaminaris, 
"  obtained  by  dissolving  calamine  in  spirit  of  salt,  and  heating 
the  solution,  when  a  thick  oleum  remains  as  unctuous  as  olive- 
oil,  and  not  particularly  corrosive,  for  .the  spirit  of  salt  has 
itself  been  weakened  by  corroding  the  calamine  and  thus 
lost  its  acrimony.  This  oil  must  be  well  preserved  against 
the  action  of  the  air,  otherwise  in  a  few  days  it  attracts  so 
much  air  to  it  that  it  becomes  a  watery  liquid."  In  1735 
Hellot  prepared  "  butter  of  zinc,"  by  distilling  flowers  of  zinc 
with  sal-ammoniac;  and  Pott,  in  1741,  obtained  the  same  sub- 
tance  by  distilling  zinc  with  corrosive  sublimate.  Gallisch,  in 
1782,  noticed  that  zinc  deliquesced  when  exposed  to  the  action 
of  dephlogisticated  muriatic  acid  gas  (chlorine),  and  Westrumb, 
in  1790,  observed  that  when  finely  divided  zinc  was  dropped  into 
the  gas,  the  metal  took  fire.  This  historical  sketch  serves  to 
show  the  methods  by  which  the  anhydrous  chloride  may  be 
obtained.  The  same  substance  is  formed  when  a  mixture  of 
anhydrous  zinc  sulphate  and  calcium  chloride  is  distilled 
(Persoz). 

Zinc  chloride  is  a  white  or  usually  greyish-white  mass  of  sp. 
gr.  2'907  at  2.574°,  soft,  like  wax,  at  the  ordinary  temperature, 
melting  when  heated  a  little  above  100^  (H.  Davy),  and  subliming 
at  a  higher  temperature  in  white,  needle-shaped  crystals.  It 
is  very  deliquescent,  is  soluble  in  alcohol,  and  boils  at  730°, 
its  vapour  density  being  4'6,  corresponding  to  the  normal 
formula.  It  also  has  the  normal  molecular  weight  when  dis- 
solved in  urethane,  as  determined  by  the  freezing  point  method 
(Castoro).^ 

A  concentrated  solution  of  zinc  chloride  is  best  obtained  by 
dissolving  zinc,  its  oxide,  or  carbonate,  in  hydrochloric  acid,  and 

'  Kazanecky,  /.  Russ.  Phya.  Chem.  Soc,  1910,  42,  1452;  see  also  Carrasco, 
Oazz.,  1911,  41,  i.,  16;  and  Teletoff,  J.  Suss.  Phys.  Chem.  Soc,  1911,  43, 
131. 

2  (?o,j2.,  1898,  28,  ii.,  317. 
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evaporating  the  solution  to  the  consistency  of  a  syrup.  On  the 
addition  of  a  little  concentrated  hydrochloric  acid  to  this  syrupy 
solution,  small  deliquescent  octahedra  separate  out,  having  the 
composition  ZnClgjHjO.  In  addition  to  this,  hydrates  with  1-5, 
2'5,  3,  and  4H2O  are  known,  the  curve  of  equilibrium  for  zinc 
chloride  and  water  being  one  of  great  complexity.^  Zinc  chlor- 
ide is  used  in  surgery  as  a  caustic,  and  is  employed  in  the 
laboratory  for  the  purpose  of  separating  the  elements  of  water 
from  many  organic  substances.  It  is  also  employed  on  a  large 
scale,  as  is  magnesium  chloride,  for  weighting  cotton  goods. 
When  its  solution  is  evaporated,  hydrochloric  acid  is  evolved  and 
basic  salts  are  formed ;  these  may  also  be  obtained  by  diluting 
the  aqueous  solution,  and  by  boiling  the  solution  of  the  chloride 
with  zinc  oxide  and  adding  water,  when  precipitates  are 
formed  consisting  of  mixtures  of  Zn(OH)Cl  and  Zn(0H)2  in 
varying  proportions.  The  oxychlorides,  ZnCl2,4ZnO,6E[20  and 
2ZnCl2,2ZnO,3Hp,  have  been  described  by  Driot.^  When  a 
solution  having  a  specific  gravity  of  1'7  is  boiled  with  an  excess 
of  oxide,  a  liquid  is  formed  which  has  the  property  of  dissolving 
silk,  and  this  is  used  for  separating  silk  fibres  from  those  of 
wool,  or  of  cotton  or  linen,  whilst  all  of  these  dissolve  in  a 
solution  of  normal  zinc  chloride. 

Zinc  chloride  forms  double  salts  with  2  and  3  molecules 
of  ammonium  chloride ;  ^  the  products  obtained  bj'  the 
crystallisation  of  solutions  containing  chloride  of  zinc  and 
the  chlorides  of  sodium,  potassium,  ammonium,  and  lithium 
at  temperatures  between  20°  and  100°  have  been  examined  by 
Ephraim.* 

Zinc  Bromide,  ZuBr^,  is  formed  when  bromine  vapour  is  passed 
over  the  metal  heated  to  redness.  It  corresponds  closely  to  the 
chloride  in  its  properties,  and  on  heating  sublimes  in  the 
form  of  white  needles.  It  melts  at  394°,  and  boils  at  650°.  The 
products  of  crystallisation  of  solutions  containing  bromide  of 
zinc  and  the  bromides  of  sodium,  potassium,  ammonium,  and 
lithium  at  temperatures  between  20°  and  100°  have  been 
examined  by  Ephraim.^ 

Zinc  Iodide,  Znlj. — Zinc  and  iodine  readily  unite  when  they 

1  Dietz,  Ber.,  1899,  32,  90;  Mylius  and  Dietz,  ibid.,  1905,  38,  921. 

2  Oompt.  rend.,  1910,  150,  1426. 

■>  Meerburg,  Zeit.  anorg.  Chem.,  1903,  37,  199. 

^  Zeit.  anorg.   Chem.,    1908,  59,  56  ;  see  also  Ephraim  and   Model,  ibid., 
1910,  67,  379. 
*  Ze.il.   anorg.   Chem.,  loc.  cit. 
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are  heated  together  to  form  a  colourless  mass  which  melts  at 
446°,  and  sublimes  in  four-sided  needles.  An  aqueous  solution 
can  be  easily  obtained  by  warming  metallic  zinc  and  iodine 
together  with  water.  On  evaporating  the  solution,  the  anhydrous 
compound  separates  out  in  the  form  of  regular  octahedra,  which 
when  exposed  to  the  air  first  absorb  water  and  deliquesce,  and 
then  take  up  oxygen  and  lose  iodine. 


Zing  and  Sulphur. 

300  Zinc  Sulphide,  ZnS,  is  found  as  blende,  which  crystallises 
in  the  regular  system,  frequently  in  hemihedral  forms  (Class  81 , 
p.  201).  Its  specific  gravity  varies  from  3'5  to  4'2.  In  the 
pure  state  it  is  transparent,  and  has  a  light  yellow  colour; 
usually,  however,  it  contains  iron  and  other  metals  which  im- 
part to  it  a  red,  brown,  or  black  tint.  The  same  compound  is 
more  rarely  found  as  wurtzite  in  hexagonal  crystals.  When 
ammonium  sulphide  is  added  to  a  solution  of  a  zinc  salt,  a  white 
amorphous  precipitate  of  zinc  sulphide  is  formed  ;  this  is  soluble 
in  dilute  acids,  with  the  exception  of  acetic  acid,  with  evolution 
of  hydrogen  sulphide.  When  this  precipitate  is  heated  in  a 
current  of  hydrogen,  or  when  zinc  oxide  is  ignited  in  an  atmo- 
sphere of  sulphuretted  hydrogen,  zinc  sulphide  is  obtained  in 
crystals  which  have  the  form  of  wurtzite.  Natural  crystals  of 
zinc  sulphide  have  the  property  of  phosphorescing  after  exposure 
to  light,  and  the  phosphorescent  sulphide  may  be  artificially  pre- 
pared by  heating  precipitated  zinc  sulphide  to  whiteness  in  a 
covered  crucible  (Sidot).  Pure  zinc  sulphide  remains  non- 
phosphorescent,  but  if  the  material  contains  small  amounts  of 
alkali  chlorides  and  the  sulphides  of  other  metals,  such  as 
bismuth,  copper,  or  manganese,  a  brilliant  phosphorescence  is 
obtainable.^  The  phosphorescent  sulphide  glows  when  exposed 
to  X-rays,  Becquerel  rays,  or  the  a-radiation  from  radium,  and 
when  placed  in  ozonised  oxygen.^  For  the  action  of  the 
Rontgen  rays  on  a  crystal  of  zinc  sulphide  see  p.  207. 

Zinc  Siolphate,  ZnSO^. — This  salt,  long  known  under  the 
name  of  white  vitriol,  is  thus  described  in  the  first  book  of 
"  Basil  Valentine's  "  Last  Testament — •"  Behold  the  v  (water)  of 
Goslar,  how  a  fine  white  and  red  vitriol  is  found  there."     The 

1  Griine,    Ber.,    1904,    37,    3076;    Hofmann    and    Dacca,    ibid.,    3407; 
Jorissen  and  Ringer,  Ghem.  Centr.,  1906,  1,  644. 
-  Schenck  and  Mihr,  Ber.,  1904,  37,  3464. 
VOL.   II  U   U 
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name  vitriol  was  applied  to  all  the  salts  of  the  common 
metals  possessing  a  vitreous  lustre,^  and  to  this  day  iron  sul- 
phate is  known  as  green  vitriol,  and  copper  sulphate  as  blue 
vitriol. 

White  vitriol  was  prepared  on  the  large  scale  at  Goslar, 
in  the  Harz,  in  the  sixteenth  century.  It  was  obtained  by 
lixiviating  the  roasted  ore,  but  its  composition  remained  long 
unknown.  Thus,  in  Lemery's  Goitrs  de  Ghymie,  published  in 
1675,  we  read,  "  Le  vitriol  blanc  est  le  plus  depure  de  substance 
metallique."  It  was,  indeed,  soon  discovered  that  this  salt 
might  be  obtained  by  dissolving  calamine  in  sulphuric  acid,  but 
as  this  ore  always  contains  iron,  green  vitriol  was  obtained  at 
the  same  time.  In  addition  to  this,  the  fact  that  both  green 
vitriol  and  blue  vitriol  when  heated  become  white  through  loss 
of  water  of  crystallisation  led  to  still  further  confusion  between 
these  compounds.  It  was  not  until  1735  that  Neumann 
suggested  that  the  base  of  white  vitriol  consisted  of  zinc  or 
calamine,  and  this  view  was  confirmed  by  Hellot,  inasmuch  as 
he  obtained  the  salt  by  dissolving  zinc  in  dilute  sulphuric 
acid,  whilst  Brandt  showed  that  brass  was  obtained  from 
white  vitriol  by  calcining  it  and  heating  it  with  charcoal  and 
copper. 

Zinc  sulphate  occurs  not  unfrequently  in  zinc  mines,  where  it 
is  formed  by  the  oxidation  of  blende.  It  is,  however,  usually 
obtained  on  the  large  scale  by  roasting  ores  containing  sul- 
phide of  zinc,  afterwards  exhausting  with  water,  and  evaporating 
the  solution  to  the  crystallising  point,  when  the  hydrate 
ZnSO^,7H20,  isomorphous  with  Epsom  salts,  separates  out. 
These  crystals  on  heating  fuse  readily  in  their  water  of  crystal- 
lisation. Commercial  zinc  vitriol  is  made  to  assume  the  shape 
of  a  sugar-loaf  by  stirring  this  fused  mass  in  wooden  troughs 
with  wooden  shovels  till  crystallisation  takes  place,  and  sub- 
sequently pressing  the  mass  into  moulds.  The  aqueous  solu- 
tion has  an  acid  reaction  (p.  102),  0-03  per  cent,  of  the  salt 
being  hydrolysed  in  a  1/16  normal  solution.^ 

Zinc  sulphate  forms  several  hydrates.  The  heptahydrate  is 
stable  in  contact  with  water  up  to  39°,  and  then  passes  into  the 

'  "Atramentum  candidum  potissinium  stiriie  figura  reperitur  Goslariae, 
translucidum  cristalli  iiistar ;  neo  oaeruleum  neo  viride  caret  perspicuitate  ; 
imde  superior  setas  atramento  sutorio  vitrioli  nomen  imposuifc."— Agbicola, 
De  Natura  Fossilium,  Lib.  III.  ed.  1657. 

=  Ley,  Ber.,  1897,  30,  2192. 
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hexahydrate,  which  at  70°  is  converted  into  a  lower  hydrate 
probably  the  monohydrate.^ 

One  hundred  parts  of  water  dissolve  : 


AtO° 

15" 

39° 

50° 

70° 

100° 

41-9 

50-88 

70-06 

76-84 

89 

78-5, 

ZnSO, 

The  heptahydrate  has  the  specific  gravity  1-95  :  it  effloresces 
slowly  in  the  air,  and  on  heating  to  100°  loses  six  molecules  of 
water,  the  last  molecule  being  evolved  only  at  a  moderate  red- 
heat.  The  hexahydrate,  isomorphous  with  the  corresponding 
magnesium  salt,  separates  out  when  a  solution  of  the  sulphate 
is  evaporated  above  50° 

The  anhydrous  salt  forms  a  friable  mass  having  a  specific 
gravity  of  3-4.  When  heated  more  strongly,  sulphur  dioxide 
and  oxygen  are  evolved,  and  a  basic  salt  remains  behind,  which 
is  formed  also  when  zinc  sulphate  and  zinc  oxide  are  boiled 
together.  On  cooling  the  hot  saturated  solution,  glistening- 
scales  separate  out  having  the  formula  S02(0-Zn-0-Zn)20,2H20. 
At  a  white  heat  all  the  zinc  sulphates  are  completely  decom- 
posed, leaving  a  residue  of  zinc  oxide.  Besides  these,  several 
other  basic  zinc  sulphates  are  known,  and  also  characteristic 
double  salts  with  the  alkali  sulphates,  having  the  general 
formula  ZnSO„M  ^SO^eH^O.^ 

Zinc  sulphate  is  employed  in  medicine,  in  dyeing,  and  in 
the  manufacture  of  lithophone. 

Zinc  Thiomdphate,  ZnSjOg,  is  prepared  by  treating  a  mixture 
of  zinc  dust  and  water  at  45-50°  with  a  rapid  stream  of  sulphur 
dioxide  until  the  metal  has  entirely  dissolved ;  a  large  excess  of 
sulphur  dioxide  must  be  avoided,  as  this  reacts  with  zinc  thio- 
sulphate,  forming  polythionic  acids.  The  viscid,  greyish-yellow 
mass  produced,  when  cooled  to  the  ordinary  temperature,  sets  to 
a  stiff  paste  which  is  drained  in  an  inert  atmosphere.^ 

Zinc  and  Nitrogen  and  Phosphorus. 

301  Zinc  Nitride,  Zn^Ng,  is  formed  when  zincamide  is  heated 
to  dull  redness  : 

3Zn(NH,)2  =  ZngNj  +  4NH3, 

^  See  Landolt-Bornstein-Roth,  PhysikaUsch-chemische  TabeUen,  1912,  499. 

2  Tutton,  Joum.  Chem.  80c. ,  1904,  85,  1123;  Koppel,  Zeit.  pjiysikal.  Ohem., 
1905,  52,  385.     See  also  Mallet,  Joicrn.  Gham.  Soc,  1900,  77,  220. 

3  Granau,  Landshoff  and  Meyer,  D.  U.  Patent,  184564. 
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and  is  also  produced  to  some  extent  when  zinc  is  heated  at  600" 
in  a  current  of  ammonia.^  It  is  a  green  powder  which  is  decom- 
posed by  water  with  such  energy  that  the  mass  when  moistened 
becomes  incandescent : 

ZngN^  +  SHp  =  3ZnO  +  2NH3. 

Zincamide  or  Zinc  Diamine,  Zn(NH2)2,  is  formed  by  the  action 
of  dry  ammonia  on  zinc  ethyl : 

Zn(C2H,)2  +  2NH3=  Zn(NHA  +  2C2H,. 

It  is  a  white,  amorphous  powder  and  is  decomposed  by  water 
with  evolution  of  heat  as  follows : 

ZnCNH^)^  +  2H2O  =  Zn(0H)2  +  2NH3. 

Zinc  Hydrazide,  ZnN^Hg,  is  formed  by  the  interaction  of 
zinc  ethyl,  dissolved  in  dry  ether,  and  hydrazine.  It  may 
also  be  prepared  from  zincamide  and  anhydrous  hydrazine 
in  ethereal  suspension.^ 

Zinc  Nitrate,  Zn(N03)2. — The  hcxahydrate  crystallises 
from  a  very  concentrated  solution  of  zinc  in  nitric  acid,  in 
striated  colourless  pointed  four-sided  prisms.  These  are  very 
deliquescent,  and  are  soluble  in  alcohol.  It  melts  at  36'4°,  and 
passes  at  about  35°,  and  at  a  concentration  of  65  per  cent,  of 
anhydrous  salt,  into  the  trihydrate,  which  melts  at  45'5°.  A 
hydrate  with  QH^O  also  exists  below  —17°.^  When  heated  for 
some  time  at  100°,  the  salt  loses  water  and  nitric  acid  and  a 
basic  nitrate  reixiains,  which  is  also  formed  by  boiling  the  solu- 
tion with  zinc  oxide.  Hydrates  with  2,  4,  and  6  molecules 
of  water  are  also  known,  and  the  interactions  between  these 
have  been  investigated  by  Vasilieff.* 

Zinc  PhospJdde,  Zn3P2,  is  obtained  as  a  grey  mass  by  heating 
finely  divided  zinc  in  the  vapour  of  phosphorus  (Schrotter)." 
Zinc  phosphide  is  employed  in  medicine. 

Zinc  and  Carbon. 

302  Carbonates  of  Zinc. — Normal  Zinc  Carbonate,  ZnCOj 
occurs  as  zinc-spar  or  calamine,  crystallising  in  rhombohedra 

1  White  and  Kirsclibraun,  J.  Amer.  Chem.  Soc,  1906,  28,  1343. 
•''  Ebler  anil  Krause,  Ber.,  1910,  43,  1690. 
3  Funk,  Zeit.  anorg.  Chem.,  1899,  20,  400. 
1  /.  Rms.  Phyx.  Chem.  Soc,  1909,  41,  748. 

''  See  also  Vigier,  Bull.  Sor.  rhini.,  1861,  3,  5,  ami  Jolibois,  Coinpt.  rend., 
1908,  147,  801. 
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having  a  specific  gravity  of  4'42.  Zinc-spar  is  found  sometimes 
in  the  pure  state,  but,  in  general,  more  or  less  of  the  zinc  is 
found  to  be  replaced  by  magnesium,  cadmium,  iron,  and  other 
isomorphous  metals.  When  a  solution  of  zinc  vitriol  is  precipi- 
tated by  the  addition  of  an  alkali  carbonate  or  bicarbonate,  the 
first  product  is  the  amorphous  normal  carbonate,  which  passes 
into  the  hydrated  crystalline  carbonate,  ZnC03,H20,  or  into  the 
basic  carbonate,  5ZnO,2C02,4H20,  or  into  a  mixture  of  these, 
according  to  the  concentration  of  the  solutions  and  the  tempera- 
ture. The  basic  carbonate  may  be  obtained  pure  by  dissolving 
zinc  carbonate  or  oxide  or  metallic  zinc  in  water  containing 
carbon  dioxide  and  boiling  the  solution.  When  boiled  with  an 
excess  of  sodium  carbonate  it  is  finally  converted  into  anhydrous 
zinc  oxide.^ 

Zinc  Cyanide,  Zn(CN)2,  is  a  snow-white  powder  used  in 
medicine,  and  prepared  by  precipitating  zinc  acetate  with 
aqueous  hydrocyanic  acid.  ,It  is  insoluble  in  water  and  in 
alcohol,  but  dissolves  in  solutions  of  cyanide  of  ammonium  and 
potassium,  forming  double  salts  ^  such  as  K.2Zn(CN)^. 

Ammoniacal  Derivatives  of  Zinc. 

303  These  compounds  closely  resemble  the  corresponding 
derivatives  of  the  cupric  salts  (p.  441).  Zincammonium  chloride, 
ZnCl2,4NH3,H20,  is  obtained  by  adding  ammonia  to  a  solution 
of  zinc  chloride  until  the  precipitate  first  formed  redissolves, 
and  on  the  evaporation  of  the  solution  crystallises  out  in 
nacreous  plates.  When  heated  to  149°  it  is  converted  into 
ZnCl2,2NH3,  which  crystallises  in  rhombic  prisms,  and  on  further 
heating  loses  ammonia,  forming  the  compound  ZnClgiNHg ;  the 
latter  is  an  amber-coloured  mass  which  distils  at  a  red-heat 
without  decomposition.^ 

Zinc  sulphate  also  yields  crystalline  ammonia  derivatives, 
having  the  composition  :  ZnSO^,2NH3,H20  ;  ZnSO^,4NH3,4H20. 
The  anhydrous  sulphate  also  combines  directly  with  ammonia, 
forming  the  compound  ZnSO^.SNHg,  which  is  a  white  powder 
and  is  decomposed  by  water  with  separation  of  zinc  hydroxide. 

When  zinc  sulphate  solution  is  treated  with  excess  of 
ammonia,  the  clear  solution  probably  contains  the  complex  salt 
Zn(NH3)^S0^  (Dawson  and  McCrae). 

1  Kraut,  Zeit.  anorg.  Chem.,  1896,  13,  1. 

■  Sharwood,  J.  Amer.  Chem.  Soc,  1903,  25,  570. 

8  Kane,  Ann.  Chim.  Phys.,  1839,  72,  290. 
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Detection  and  Estimation  of  Zinc. 

304  The  salts  of  zinc  do  not,  as  a  rule,  impart  any  tint  to  the 
non-luminous  gas-fiame,  but  a  few  of  the  salts  formed  from 
volatile  acids,  such  as  the  nitrate,  produce  a  green  coloration. 
The  spark  spectrum  of  zinc,  however,  is  characteristic,  and  can 
be  well  shown  by  volatilising  a  small  piece  of  the  metal  in  the 
lower  carbon  pole  of  the  electric  lamp.  Amongst  the  more 
prominent  zinc  lines  are  6363  and  6102  in  the  red,  and  4926 
and  4911  in  the  blue. 

The  most  characteristic  compound  of  zinc  is  the  white  sulphide 
insoluble  in  water,  in  acetic  acid,  and  in  the  alkalis.  In  the 
ordinary  course  of  qualitative  analysis  zinc  is  thrown  down  to- 
getherwith  the  other  metals  precipitated  by  ammonium  sulphide, 
such  as  cobalt, nickel, iron,  manganese,  chromium,  and  aluminium, 
the  first  four  being  precipitated  as  sulphides,  the  last  two  as 
hydroxides.  The  well-washed  precipitate  is  treated  with  dilute 
hydrochloric  acid,  which  leaves  nickel  and  cobalt  sulphides  un- 
dissolved ;  the  filtrate  is  boiled  and  a  little  potassium  chlorate  is 
added  to  remove  sulphuretted  hydrogen  and  oxidise  the  iron  to 
the  ferric  state ;  ammonia  is  then  added,  which  precipitates  the 
iron,  chromium,  and  aluminium,  as  hydroxides.  The  filtrate  is 
acidified,  mixed  with  an  excess  of  sodium  acetate,  and  sulphu- 
retted hydrogen  passed  through  the  solution ;  zinc  is  thus 
precipitated  as  the  sulphide,  manganese  remaining  in  solu- 
tion. When  a  zinc  compound  is  ignited  on  charcoal  before  the 
blowpipe,  and  the  heated  mass  is  moistened  with  a  solution  of 
cobalt  nitrate  and  again  ignited,  a  beautiful  green  mass, 
known  as  Rinmanu's  green,  is  obtained.  Zinc  compounds  heated 
in  the  blowpipe  flame  on  charcoal  with  sodium  carbonate 
yield  an  incrustation  of  zinc  oxide,  which  when  hot  is  yellow, 
but  on  cooling  becomes  white. 

Small  traces  of  zinc  can  be  readily  and  accurately  detected  by 
Bunsen's  method  of  flame-reactions.  This  depends  upon  the  fact 
that  the  more  volatile  metals,  such  as  zinc,  mercury,  and  arsenic, 
are  reduced  from  their  compounds  when  these  are  heated  on  a 
thread  of  asbestos  held  in  the  upper  reducing  flame  of  the 
Bunsen  burner.  If  a  small  porcelain  basin,  filled  with  cold  water, 
be  held  just  above  the  substance  to  be  examined,  the  volatilised 
metal  condenses  on  the  outside  of  the  cold  basin  as  a  metallic 
film,  and  in  a  few  seconds  the  reaction  is  complete.     A  square 
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centimetre  of  filter  paper  is  moistened  with  nitric  acid,  and 
this  rubbed  over  the  surface  of  the  basin  so  as  to  dissolve  the 
metallic  film ;  the  paper  is  then  rolled  up,  placed  in  a  coil  of 
thin  platinum  wire,  and  burned  in  the  upper  oxidising  flame  at 
as  low  a  temperature  as  possible,  when  the  colour  of  the  ash 
is  seen  to  be  yellow  when  hot,  but  white  on  cooling.  The  ash 
is  next  moistened  with  a  drop  of  dilute  cobalt  solution,  and 
heated  in  the  flame,  when  the  mass  attains  a  green  colour. 

For  the  quantitative  estimation  of  zinc,  the  solution  is  pre- 
cipitated with  a  boiling  solution  of  sodium  carbonate,  the  basic 
carbonate  washed  and  dried  and  converted  by  ignition  into  zinc 
oxide,  which  is  then  weighed.  Zinc  may  also  be  estimated 
gravimetrically  by  the  electrolysis  of  an  alkaline  solution  of  the 
hydroxide,  and  volumetrically  by  titration  with  a  standardised 
solution  of  sodium  sulphide  or  potassium  ferrocyanide,  a  solution 
of  ammonium  molybdate  or  uranium  acetate  being  used  as 
indicator  when  ferrocyanide  is  employed. 

Atomic  Weight  of  Zinc. — This  was  determined  by  Marignac  ^ 
from  the  quantity  of  zinc  and  chlorine  contained  in  potassium 
zinc  chloride,  KaZnCl^,  his  results  giving  an  average  value  of 
65'25,  whilst  Baubigny^  by  analysis  of  the  sulphate  obtained 
the  number  65'40.  Morse  and  Burton,^  from  the  amount  of 
zinc  oxide  yielded  by  pure  zinc,  the  metal  being  converted  into 
the  nitrate  and  this  decomposed  by  heating,  arrived  at  the 
number  6526;  they,  however,  neglected  the  amount  of  oxygen 
and  nitrogen  occluded  by  zinc  oxide  under  these  circumstances, 
and  a  repetition  *  of  their  experiments,  in  which  allowance  was 
made  for  this  source  of  error,  led  to  the  number  65'45.  Glad- 
stone and  Hibbert  ^  found  the  ratio  of  the  equivalents  of  zinc 
and  silver  as  determined  by  comparing  the  quantity  of  zinc 
dissolved  and  silver  precipitated  by  the  same  current  to  be 
3"298,  from  which,  taking  silver  as  107'88,  the  atomic  weight  of 
zinc  is  found  to  be  65'41.  Finally,  Richards  and  Rogers,®  by  the 
analysis  of  zinc  bromide  prepared  from  pure  zinc  oxide  or 
electrolytic  zinc,  found  the  atomic  weight  to  be  65'38.  The 
value  which  is  at  present  (1913)  accepted  is  65'37. 

1  Jahresb.,  1883,  42.  =  Com^t.  rend.,  1883,  97,  908. 

■^  Amer.  Chem.  J.,  1888,  10,  311. 

*  Morse  and  Arbuokle,  Amer.  Chem.  J.,  1898,  20,  195. 

5  Joum.  Chem.  Soc,  1889,  55,  443.  »  Zeit.  anorg.  Chem.,  1895,  10,  1. 
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CADMIUM.     Cd  =  ii2-40. 

305  This  metal  was  discovered  in  the  year  1817  by  Stromeyer. 
He  observed  that  a  sample  of  zinc  carbonate  obtained  from  the 
zinc  v^rorks  at  Salzgitter  yielded  an  oxide  which,  although  it  did 
not  contain  any  iron,  possessed  a  yellow  colour,  and  he  found 
that  this  was  due  to  the  presence  of  the  oxide  of  a  new  metal, 
which  he  soon  afterwards  detected  in  other  samples  of  the  oxide 
of  zinc,  as  well  as  in  metallic  zinc  itself.  Whilst  Stromeyer  was 
engaged  on  these  experiments,  Hermann,  in  Schonebeck,  also 
discovered  the  new  metal  in  a  sample  of  zinc  oxide  which  was 
employed  for  pharmaceutical  purposes,  and  which  had  been  con- 
fiscated in  Magdeburg,  inasmuch  as  the  acid  solution  yielded 
a  yellow  precipitate  with  sulphuretted  hydrogen;  this  was 
supposed  to  be  caused  by  the  presence  of  arsenic.  Hermann 
showed  that  this  supposition  was  not  correct,  and  ascertained 
that  a  new  metal  was  present.  Soon  afterwards  Meissner  and 
Karsten  also  observed  the  existence  of  the  same  substance.  In 
1818  Stromeyer  published  a  complete  investigation  of  the  metal, 
giving  to  it  the  name  which  it  now  bears,  from  cadmiafornacum, 
because  the  metal  was  chiefly  found  in  the  zinc  flowers  of  the 
zinc  furnaces. 

Cadmium  not  only  occurs  as  a  constituent  of  zinc  ores,  but 
likewise  as  sulphide  in  the  mineral  greenockite,  a  somewhat 
rare  substance  found  at  Greenock,  Bishopstown,  and  Kilpatrick 
in  Scotland,  as  well  as  in  Bohemia  and  Pennsylvania.  The 
quantity  of  cadmium  contained  in  the  various  samples  of 
calamine  and  blende  varies  considerably.  The  fibrous  blende 
found  at  Przibram  in  Bohemia  contains  2  to  8  per  cent.,  whilst 
the  calamine  of  Wiesloch  contains  1'6  per  cent.,  and  that  of 
Eaton  in  North  America  3  per  cent,  of  cadmium. 

In  the  process  of  zinc  smelting  the  more  volatile  vapour  of 
cadmium  comes  off  with  the  first  portions  of  the  zinc,  and  these 
vapours  burn  in  the  air  with  formation  of  the  oxides  of  cadmium 
and  zinc.  The  cadmium  is  extracted  from  the  first  portion  of 
dust  which  is  condensed  in  the  iron  cones  or  other  dust 
chambers  used  in  connection  with  the  adapters  of  the  zinc 
furnaces,  when  sufficiently  rich.  This  dust  may  contain  from  1 
to  6  per  cent,  of  cadmium,  and  is  mixed  with  a  suitable  propor- 
tion of  coal  and  again  distilled  at  a  low  red  heat  from  retorts 
having  long  sheet-iron  cones  as  adapters ;  the  enriched  distillate 
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thus  obtained  may  contain  over  20  per  cent,  of  cadmium.  This 
product  is  now  mixed  with  charcoal  and  distilled  in  small  cast- 
iron  or  clay  retorts,  and  the  resulting  metallic  cadmium  is  cast 
into  rods  or  ingots. 

Various  wet  methods  have  been  suggested,  and  trials  have 
been  made,  for  the  extraction  of  cadmium,  but  these  methods 
have  not  come  into  general  use. 

An  electrolytic  method  is  sometimes  used  in  the  refining  of 
the  metal,  the  cadmium  being  deposited  on  platinum  electrodes 
and  then  distilled  in  vacuo. 

Cadmium  possesses  a  tin-white  colour  and  a  fibrous  fracture, 
and  takes  a  high  polish.  It  can  be  easily  obtained  crystallised 
in  regular  octahedra  by  sublimation  in  a  current  of  hydrogen 
(Kammerer).  The  pure  metal  obtained  by  electrolysing  the 
sulphate  and  subliming  the  product  in  a  vacuum  forms  flat 
needles  or  silvery  six-sided  plates.^  It  is  somewhat  harder  than 
tin,  but  may  be  cut  with  a  knife.  It  can  be  easily  rolled  out  to 
foil  and  drawn  into  wire,  but  when  heated  to  80°  it  becomes 
brittle.  When  bent  it  emits  a  crackling  sound,  as  does  tin  when 
similarly  treated.  The  specific  gravity  of  the  cast  metal  is 
8'546,  but  after  hammering  it  attains  a  specific  gravity  of  866'7 
(Schroder).^  It  melts  at  3217°  ^  and  boils  at  778°.*  Its  vapour 
has  a  dark  yellow  colour  and  a  disagreeable  smell,  producing 
headache  when  inhaled.  The  density  of  cadmium  vapour  is 
8'94,  and  the  molecule  of  cadmium  in  the  gaseous  state  is 
therefore  monatomic.^ 

Cadmium  has  been  obtained  in  the  form  of  a  deep  brown- 
coloured  colloidal  solution  in  water  by  the  electrical  method  * 
(p.  73).  In  its  behaviour  towards  acids  cadmium  resembles  zinc. 

Cadmium  is  employed  in  the  preparation  of  certain  alloys  of 
low  melting  point,  such  as  Wood's  metal,  which  consists  of  eight 
parts  of  lead,  fifteen  of  bismuth,  four  of  tin,  and  three  of  cad- 
mium, and  melts  at  60.°  An  amalgam  of  cadmium  was  formerly 
used  as  a  stopping  for  teeth,  but  is  no  longer  employed,  as  it 
turns  the  dentine  yellow.  Cadmium  is  also  employed  in  the 
construction  of  cells  of  standard  electromotive  force. 

'  Mylius  and  Funk,  Ze,it.  anorg.  Chem.,  1896,  13,  157. 
'^  See  also  Kahlbaum  and  Sturm,  Zeit.  anorg.  Chem.,  1905,  46,  217. 
=>  Holborn  and  Day,  Ann.  Physik,  1900,  [4],  2,  505. 
■'  D.  Berthelot,  Gompt.  rend.,  1902,  134,  705. 

5  Deville  and  Troost,  Gompt.  rend.,   1859,  49,  239.     Compare  Biltz,   Ghent. 
Centr:,  1895,  i.,  770. 
«  Bredig,  Zeit.  phyaihal.  Chem.,  1900,  32,  127. 
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CADMIUM  COMPOUNDS. 

Cadmium  and  Oxygen. 

306  Cadmic  Oxide,  CdO. — This  substance  forms  the  brown 
blaze  of  the  zinc  smelters.  The  metal  cadmium  burns  with  a 
bright  flame  when  heated  in  the  air,  forming  a  brown  oxide,  which 
may  also  be  obtained  by  passing  a  mixture  of  steam  and  cad- 
mium vapour  through  a  red-hot  tube.  When  the  metal  is  heated 
to  whiteness  in  a  current  of  oxygen,  the  oxide  sublimes  in  dark 
red,  probably  cubic,  crystals,  and  may  be  obtained  in  the  form 
of  a  dark  blue-black  powder,  consisting  of  microscopic  octahedra, 
by  igniting  the  nitrate.  It  also  occurs  as  a  mineral  ^  in  octa- 
hedra possessing  a  specific  gravity  of  6'15  ;  it  does  not  melt  at  a 
white-heat,  but  is  easily  reduced  at  a  moderate  red-heat  on 
charcoal  before  the  blowpipe ;  the  metal,  however,  volatilises 
and  burns,  and  the  oxide  is  deposited  as  a  brown  incrustation 
on  the  charcoal.  The  oxide  formed  by  the  combustion  of  the 
metal  contains  a  trace  of  peroxide.^  The  reduction  of  cadmium 
oxide  by  carbon  in  an  atmosphere  of  nitrogen  commences  at 
580°.3 

Cadmic  Hydroxide,  Cd(0H)2,  is  obtained  as  a  white  pre- 
cipitate by  the  addition  of  a  soluble  salt  of  cadmium  to  caustic 
potash.  The  hydroxide  absorbs  carbon  dioxide  from  the 
air,  and  at  300°  it  is  resolved  into  the  oxide  and  water.  It  is 
soluble  in  a  solution  of  ammonia,  a  complex  hydroxide  being 
probably  formed,*  as  in  the  case  of  zinc  hydroxide. 

This  oxide  and  hydroxide  correspond  to  the  only  series  of 
cadmium  salts  definitely  known,  which  are  for  the.  most  part 
colourless  salts  closely  resembling  those  of  zinc.  The  soluble 
ones  have  a  disagreeable  metallic  taste,  and  act  as  emetics.  A 
series  of  cadmous  salts  appears,  however,  to  exist,  as  the 
cadmic  halogen  compounds  when  heated  with  cadmium  yield 
salts  having  strongly  reducing  properties.  These  have  not 
been  obtained  pure,  the  products  appearing  to  consist  of 
mixtures  of  cadmous  and  cadmic  salts.  If  the  product  of 
the   reaction  of  cadmium  on  cadmic  chloride  is  treated  with 

'  Neumann  and  Wittich,  Ghem.  Zeit.,  1901,  25,  561. 

2  Manchot,  Ber.,  1906,  39,  1170. 

3  Doeltz  and  Graumann,  Metallwrgie,  1907,  4,  419. 

■>  Euler,  Ber.,  1903,  36,  3400  ;  Dawson  and  MoCrae,  Joum.  Chem.  Soc,  1900, 
77,  1239;  Bonsdorff,  Zeit.  anorg.  Chem.,  1904,  44,  132. 
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water,  lustrous  transparent  crystals  first  separate  out,  which 
soon  fall  to  a  white  amorphous  powder  of  cadmous  hydroxide, 
CdOH.  The  latter  on  gently  heating  yields  cadmous  oxide, 
Cd.jO,  as  a  yellow  microcrystalline  powder,  which  on  further 
heating  decomposes  into  a  mixture  of  cadmium  and  cadmic 
oxide,  the  colour  changing  to  green.^  Suboxides  are  also  stated 
to  be  formed  when  cadmium  oxalate  alone,  or  mixed  with  one 
or  two  molecular  proportions  of  oxide,  is  heated  gently,  the 
formulae  of  the  oxides  obtained  being  Cd^O,  CdgOj,  and  Cd^O 
respectively.  These  substances  are  green  powders  which  are 
decomposed  by  dilute  acids  with  formation  of  a  cadmium  salt 
and  metallic  cadmium,  and  the  chief  evidence  of  their  chemical 
individuality  is  the  constancy  of  composition  of  the  products 
obtained,  and  the  fact  that  in  their  reaction  with  dilute  acids 
less  heat  is  evolved  than  by  the  solution  of  a  corresponding 
amount  of  cadmic  oxide.  When  heated  they  change  colour 
and  a  mixture  of  cadmium  and  cadmic  oxide  is  obtained.^ 


Cadmic  Salts. 

307  Cadmium  Chloride,  CdClg. — This  salt  is  obtained  by 
evaporating  a  solution  of  the  metal  or  oxide  in  hydrochloric  acid. 
The  hydrated  chloride,  CdClg,  2^H20,  is  deposited  in  the  form 
of  rectangular  prisms  which  readily  effloresce  on  exposure  to  the 
air,  and  on  heating  lose  water  and  melt  at  590°  (Ruff  and  Plato). 
The  transparent  pearly  mass  of  the  anhydrous  chloride  sublimes 
at  a  higher  temperature  in  transparent  micaceous  laminae.  Its 
specific  gravity  at  2574°  is  4-047.3 

Hydrates  with  5,  4, 2^,  2  and  1  mol.  H^O  have  been  described, 
but  the  existence  of  those  with  5  and  2Tl^0  is  doubtful  (Dietz). 
The  hydrate  with  4H2O  passes  into  that  with  2JH2O  at  -5°, 
and  the  latter  is  converted  into  the  monohydrate  at  34°.  The 
saturated  solution  contains  in  100  parts  of  water* : — 

At  0°  _  30°  60°  80°  100° 

CdCla         90         128-6         136-8         140-4         147. 

^  Morse  and  Jones,  Amer.  Ohem.  J.,  1890,  12,  488.  Compare  Canzoneri, 
Gazz.,  1897,  27,  ii.,  486. 

^  Tanatar,  Zeit.  anorg.  Chem.,  1901,  27,  432;  Tanatar  and  Levin,  J.  Russ. 
Phys.  Chem,  Soc,  1902,  34,  495. 

3  Baxter  and  Hines,  Amer.  Ohem.  J.,  1904,  31,  220. 

*  Dietz,  Zeit.  anorg.  Chem.,  1899,  20,  257. 


608  CADMIUM 


Cadmium  chloride  combines  with  ammonia  to  form  the  un- 
stable compound  CdClg.GNHg,  a  bulky  powder,  which  passes 
at  about  62°  into  CdCl2,2NH3 ;  this  may  also  be  obtained 
by  evaporating  a  solution  of  the  chloride  in  aqueous  ammonia  ^ 
or  of  the  hydroxide  in  ammonium  chloride.'^  It  is  inodorous, 
and  is  stable  up  to  210°. 

Cadmium  Iodide,  Cdig,  is  obtained  by  dissolving  the  metal 
in  hydriodic  acid,  or  by  digesting  it  with  iodine  and  water.  It 
crystallises  in  large  transparent  six-sided  anhydrous  tablets, 
which  do  not  undergo  alteration  on  exposure  to  the  air.  It  melts 
at  350°  (Ruff  and  Plato),  and  gives  off  iodine  when  heated  to 
a  higher  temperature.  It  dissolves  readily  in  water  and  alcohol. 
Its  specific  gravity  is  5'61-573.-'  One  hundred  parts  of  water 
dissolve  (Dietz) : — • 

At  18°  50"  100° 

Cdia         85-3         97-4         127-6. 

Iodide  of  cadmium  is  used  in  photography,  it  being  one  of  the 
few  iodides  soluble  in  alcohol. 

Cadmium  Sulphide,  CdS. — Cadmium  sulphide  occurs  in 
yellow  hexagonal  glittering  crystals  as  greenockite.  It  is 
obtained  as  a  fine  yellow  precipitate  when  a  cadmium  salt  is 
precipitated  with  sulphuretted  hydrogen,  this  precipitate  being 
employed  as  a  pigment.  It  melts  at  a  white  heat,  and  forms  on 
cooling  a  lemon-yellow  micaceous  mass,  having  a  specific  gravity 
of  4-86.  Heated  in  the  electric  furnace,  it  yields  crystals  of 
greenockite.^  It  is  soluble  in  strong  hydrochloric  and  nitric 
acids,  and  in  boiling  dilute  sulphuric  acid. 

According  to  Buchner,*^  two  modifications  of  cadmium  sul- 
phide exist,  the  a  variety  is  precipitated  in  a  fairly  acid  solution 
by  means  of  sulphuretted  hydrogen,  and  the  /3  variety,  which 
resembles  red  lead,  is  precipitated  in  very  acid  solutions.  This 
modification  changes  to  the  a  form  when  heated. 

Cadmium  Sulphate,  CdSO^. — A  concentrated  solution  of 
cadmium  sulphate,  when  allowed  to  evaporate  spontaneously, 
deposits  large  monoclinic  crystals,  having  the  composition 
3CdSO^,8Il20.      This   hydrate   is   stable   in  contact  with   its 

1  Lang  and  Rigaut,  Journ.  Chem.  Soc,  1899,  75,  883. 

-  Grossmann,  Zeif.  anorg.  Ohem.,  1902,  33,  149. 

'  Compare  Snell,  J.  Amer.  Chem.  Soc,  1907,  29,  1288. 

'  Mourlot,  Oompt.  rend.,  1896,  123,  54. 

■'  Chem.  Zeit,  1891,  15,  329. 
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saturated  solution  up  to  74°,  at  which  temperature  it  passes 
into  the  monohydrate,  a  microcrystalline  powder,  the  solu- 
bility of  which  diminishes  with  rise  of  temperature.  A 
metastable  hydrate  with  ^JUfi  is  also  known.^  The  normal 
salt  when  heated  yields  a  basic  compound,  S02[0Cd(0H)]ij, 
sparingly  soluble  in  water,  and  crystallising  in  pearly  scales. 
One  hundred  parts  of  water  at  23°  dissolve  59  parts  of  the 
anhydrous  normal  salt,  and  at  the  boiling  point  a  somewhat 
larger  quantity.  Crystallised  cadmium  sulphate  is  used  in 
diseases  of  the  eye.  Stable  crystalline  compounds  of  the 
composition  3CdSO^,4H20,4HCl  and  3CdSO„8HCl  have  been 
described.^ 

Cadmiimi  Nitrate,  Cd(N03)2,4H20,  crystallises  in  fibrous 
needles,  which  melt  at  59"5°,  deliquesce  in  the  air,  and  are 
soluble  in  alcohol.^ 

Gadviium  Carbonates. — Minute  rhombohedral  crystals  of  the 
normal  carhonate,  having  the  sp.  gr.  4-96,  can  be  obtained  by 
adding  excess  of  ammonium  carbonate  to  a  solution  of  cadmium 
chloride,  and  then  just  enough  ammonia  to  dissolve  the  precipi- 
tate, and  heating  on  the  water-bath.*  The  white  precipitate 
obtained  by  addition  of  an  alkali  carbonate  to  a  soluble  cadmium 
salt  possesses  a  varying  composition,  according  to  the  tempera- 
ture at  which  the  precipitation  takes  place  and  the  amount  of 
precipitant  employed.  With  an  excess  of  potassium  carbonate 
in  the  cold  the  precipitate  possesses  nearly  the  composition  of 
the  normal  salt. 


Detection  and  Estimation  of  Cadmium. 

308  Cadmium  salts  do  not  impart  any  tint  to  the  non-luminous 
gas-flame.  The  cadmium  spectrum  is  well  seen  when  the 
metal  is  volatilised  in  the  electric  arc ;  the  most  prominent  lines 
being  6438  in  the  red,  5378  and  5338  in  the  green,  and  5085, 
4800,  and  4677  in  the  blue. 

The  yellow  sulphide  of  cadmium  is  the  most  characteristic 
compound  of  the  metal.     This  is  insoluble  in  dilute  acids  in 

1  Mylius  and  Funk,  Ber.,  1897,  30,  824. 

2  Baskerville  and  Harris,  /.  Amer.  Chem.  Soc,  1901,  23,  894. 

3  Funk,   Zeit.   anorg.   Chem.,   1899,   20,  414.     See  also  Pusohin,  /.  Russ. 
Phya.  Chem.  Soc,  1905,  37,  ;«2. 

*  de  Schulten,  Ball.  Soc.  fran.  Min.,  1897,  20,  195. 
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the  cold,  and  hence  may  be  easily  distinguished  from  zinc  as 
well  as  from  the  other  metals  already  described.  Cadmium 
sulphide  can  easily  be  distinguished  from  other  yellow  sulphides, 
such  as  those  of  tin,  antimony,  and  arsenic,  by  its  insolubility 
in  ammonium  sulphide  and  in  the  caustic  alkalis.  The  method 
of  separating  cadmium  from  the  other  metals  precipitated  by 
sulphuretted  hydrogen  will  be  discussed  under  these  several 
metals.  It  may  suffice  here  to  remark  that  cadmium  hydroxide, 
like  the  corresponding  copper  compound,  is  soluble  in  ammonia, 
and  that  these  two  metals  are  frequently  obtained  together  in 
the  process  of  analysis.  In  order  to  separate  these,  two  methods 
may  be  employed.  In  the  first  place  potassium  cyanide  may 
be  added  to  the  blue  ammoniacal  solution  until  this  becomes 
colourless;  sulphuretted  hydrogen  is  then  passed  through,  when 
the  cadmium  sulphide  is  completely  precipitated.  Or,  in  the 
second  place,  the  metals  may  be  both  precipitated  as  sulphides, 
and  the  washed  precipitate  boiled  with  a  mixture  of  five  parts 
of  water  and  one  part  of  concentrated  sulphuric  acid,  which 
dissolves  the  cadmium  sulphide. 

The  quantitative  estimation  of  cadmium  is  usually  made  by 
precipitating  the  carbonate  from  the  boiling  solution  with 
sodium  carbonate ;  this  is  then  dried  and  converted  by  ignition 
into  the  oxide,  preferably  on  an  asbestos  filter  in  a  Gooch 
crucible  which  is  afterwards  weighed.  Cadmium  may  also  be 
estimated  as  the  sulphide,  which  is  dried  at  100°  and  then 
weighed. 

Atomic  Weight  of  Cadmium. — The  atomic  weight  of  cadmium 
was  found  by  Huntingdon  ^  from  the  analysis  of  the  bromide  to 
be  112-18.  Morse  and  Jones  obtained  the  number  112-07,  but  a 
repetition  of  the  experiments,^  in  which  allowance  was  made  for 
the  oxygen  and  nitrogen  occluded  by  the  oxide  (compare  Zinc, 
p.  663),  led  to  the  higher  value  112-37.  Baxter,  Hines,  and 
Freuert,  by  the  analysis  of  the  chloride  ^  and  bromide,*  obtained 
the  number  112-42.  The  determination  of  the  atomic  weight 
from  the  weight  of  metal  electrolytically  deposited  from  a 
solution  of  the  oxide,  chloride,  or  bromide  ^  has  led  to  the  lower 
number  112-04,  which  is  probably  inaccurate,  for  Perdue  and 

1  Ber.,  1882,  15,  80. 

'  Morse  and  Arbuckle,  Amer.  Chem.  J.,  1898,  20,  536. 
■*  Zeit.  anorg.  Ohem.,  1905,  44,  158. 
*  J.  Amer.  Ghem.  Soc,  1906,  28,  770. 

"  Lorimer  and  Smith,  ^e«i.  anorcf.  Chem.,  1891,  1,  .364;  Hardin,  /.  Amer. 
Chem.  Soi:,  1896,  18,  990. 


MERCURY  671 


Hulett,^  from  electrolytic  analyses  of  cadmium  sulphate,  conclude 
that  the  atomic  weight  is  112'3. 

The  number  at  present  (1913)  accepted  is  112'4. 


MERCURY  (HYDRARGYRUM).     Hg=2oo-6. 

309  We  do  not  find  this  metal  mentioned  either  in  the  books  of 
Moses  or  in  the  writings  of  the  older  Greek  authors.  Theophrastus 
(B.C.  300)  speaks  of  liquid  silver  or  quiclcsihcT  (x^to';  apyvpo<;), 
and  says  that  it  is  obtained  by  rubbing  cinnabar  with  vinegar  in 
a  copper  vessel.  Dioscorides,  in  the  first  century,  mentions  this 
body  as  vBpdpyvpov  (from  liBcop,  water,  and  dpyvpof,  silver),  and 
states  that  it  is  obtained  by  subliming  cinnabar  and  charcoal  in 
an  iron  pot,  upon  which  a  cover  is  luted.  Pliny,  who  named  the 
material  thus  obtained  hydrargyrum,  in  contradistinction  to  the 
native  mercury,  to  which  he  gave  the  name  of  argentum  vivuvi, 
was  acquainted  with  the  fact  that  all  solid  bodies,  with  the 
exception  of  gold,  swam  on  the  surface  of  the  liquid  metal. 
Isidorus,  in  the  beginning  of  the  seventh  century,  was  also 
acquainted  with  the  properties  of  mercury,  as  is  seen  from  the 
following  extract :  "  Argentum  vivum  servatur  melius  in  vitreis 
vasis,  nam  caeteras  materias  perforat." 

Mercury  was  known  to  the  older  alchemists,  who  were  much 
interested  in  the  examination  of  its  properties,  inasmuch  as  they 
believed  this  body,  or  some  substance  closely  resembling  it,  to 
be  one  of  the  component  parts  of  all  metals.  They  were 
acquainted  with  the  method  of  purifying  it  by  distillation,  and 
they  knew  how  to  prepare  many  of  its  compounds.  During 
the  epoch  of  iatro-chemistry,  the  properties  of  the  mercury 
compounds  were  more  minutely  examined,  especially  with 
regard  to  their  medicinal  effects.  Agricola  regarded  mercury 
as  a  metal,  but  Libavius  placed  it  amongst  those  "  qute  metallis 
sunt  affinia,"  thus  connecting  it  with  bismuth,  arsenic,  galena, 
cinnabar,  and  other  bodies.  Even  at  a  later  date  many  chemists 
held  similar  views;  thus  Brandt  in  1735  spoke  of  it  as  a  semi- 
metal,  and  indeed  it  was  not  reckoned  as  a  true  metal  until 
Braune,  of  St.  Petersburg,  in  the  winter  of  the  year  1759,  found 
that  it  solidified  when  exposed  to  a  freezing  mixture  made  of 
snow  and  nitric  acid. 

'  J.  Physical  Che.ni.,  1911,  15,  155;  see  also  Richards,  /.  Amer.  Ghem.  Soc, 
1911,  33,  888. 
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Mercury  occurs  in  the  native  state,  though  in  small  quantity 
as  compared  with  its  other  ores.  It  is  found  in  globules  dis- 
seminated through  the  native  sulphide  in  the  Palatinate,  in 
Carnioia,  Hungary,  Peru,  California,  Mexico,  and  other  countries. 
It  also  occurs  as  silver-  and  gold-amalgam,  as  the  iodide  and 
chloride,  and  it  is  found  occasionally  in  certain  fahl-ores.  The 
most  important  ore  of  mercury  is  the  sulphide,  or  cinnabar. 
The   most   celebrated   mercury  mines  are  found  at   Idria,  in 


Fig.  169. 


Carnioia;  Almaden,  in  Spain;  in  California,  especially  the 
Pioneer  Mine  in  Napa  Valley ;  and  at  Wolfsstein  and  Lands- 
berg,  in  the  Bavarian  Palatinate.  Cinnabar  is  likewise  imported 
into  this  country  from  China  and  Japan. 

310  Most  of  the  mercury  of  commerce  is  obtained  by  the  treat- 
ment of  cinnabar  ;  and  the  chief  method  of  extraction  is  roasting 
with  an  excess  of  air,  by  which  means  the  sulphur  is  oxidised  to 
sulphur  dioxide,  and  the  metallic  mercury  is  driven  off  as  vapour. 
This  roasting  process  is  carried  out  in  shaft  furnaces,  reverbera- 
tory  furnaces,  or  muffles,  and  the  mercury  vapour  is  condensed 
in  earthenware  pipes,  water-cooled  chambers  of  iron,  or  air-cooled 
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chambers  made  of  brick  or  wood  and  glass.  A  certain  quantity 
of  the  mercury  always  condenses  as  a  mercurial  soot,  which  has 
to  be  re-treated  for  the  extraction  of  the  metal. 

Of  the  older  processes,  in  which  the  loss  of  mercury  was 
excessive,  sometimes  amounting  to  50  per  cent.,  only  the  aludel 
furnace,  used  at  Almaden,  has  survived.  This  furnace  is  shown 
in  Fig.  169,  and  consists  of  a  shaft  B,  containing  a  perforated 
arch  h,  beneath  which  is  the  fireplace  A.  The  air  necessary  for 
oxidation  enters  at  the  fire-door  D.  The  mercurial  vapours 
pass  through  a  series  of  six  openings  /,  into  tubes  made  of 
earthenware,  called  aludels.  These  are  open  at  both  ends,  and 
fit  into  one  another  in  a  similar  way  to  the  condensers  employed 


Fig.  171. 

in  the  manufacture  of  iodine.  The  aludels  are  arranged  one 
behind  the  other,  first  in  a  descending,  and  then  in  an  ascending 
position  on  arches  of  masonry  (Figs.  169  and  170) ;  the  greater 
part  of  the  mercury  condenses  in  and  runs  from  the  aludels  a 
(Fig.  170)  into  the  channel  6,  and  then  into  the  cisterns  rr. 
The  shape  and  arrangement  of  the  aludels  is  shown  in  Fig.  l7l. 
A  small  quantity  of  mercury  vapour  passes  on  into  the 
chamber  C,  where  it  condenses,  coming  in  contact  with  water 
contained  in  the  vessel  i. 

The  mercury  thus  obtained  is  filtered  through  linen,  and 
exported,  generally  in  iron  bottles,  but  sometimes  in  leather 
bags. 

For  the  treatment  of  finely  divided  ores  the  Granzita 
furnace,^  Fig.  172,  consisting  of  four  shafts,  with  one  fireplace 
(J)  common  to  all,  is  used. 

The  shafts  contain  a  number  of  inclined  shelves,  sloping 
at  an  angle  of  45°  in  alternately  opposite  directions,  to 
prevent  the  free  fall  of  the  ore.  The  flames  from  the  fire 
together  with  air,  pass  in  the  opposite  direction  to  the  ore  and 
heat  the  shelves.  The  distillation  residues  are  removed  from 
the  furnace  by  means  of  eight  openings  {u)  near  the  bottom,  one 
ton  being  removed  every  40  minutes,  and  a  corresponding 
amount  of  fresh  ore  charged  at  the  same  time,  by  means  of  the 
hoppers  {t  c). 

1  JUng.  Mill.  Journ.,  1883,  174. 
VOL.   II  XX 
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The  mercurial  vapours  are  condensed  by  passing  through 
brick  chambers,  cooled  by  means  of  cast-iron  water-backs  let 
into  the  sides ;  these  are  followed  by  towers  built  of  glass  and 
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Fig.  172. 


wood,  and  from  these  the  gases  escape  into  a  brick  tower  and 
are  finally  forced  into  a  stack  by  means  of  a  fan. 

For  the  treatment  of  lump  ore,  true  shaft  furnaces  are  now 
largely   used,   in   which    the   ore   and   fuel   come  into   direct 
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contact,  and  which  are  worked  continuously.  One  of  the  best 
examples  of  these  modern  furnaces  is  the  Novak,  shown  in 
Figs.  173,  174,  in  which  a  are  the  openings  for  drawing  out  the 
residues,  &  is  a  ridge  on  the  bottom,  containing  numerous  holes, 
through  which  air  passes  into  the  furnace,  c  is  the  charging 
hopper,  and  d  the  pipe  through  which  the  gases  and  vapours 
escape.     Charcoal  is  the  fuel  generally  used,  and  is  mixed  with 


Figs.  173  and  174. 

the  ore  before   charging.     The   condensers   usually   employed 
consist  of  Y-shaped  tubes  of  earthenware,  cooled  with  water. 

The  following  table  shows  the  world's  production  of  mercury 
in  metric  tons  during  the  year  1910.^ 

Austria 603 

Hungary                  90 

Italy 894 

Spain 1114 

Mexico 250 

Russia 20 

United  States 763 

Total 3,734 

311  The  mercury  of  commerce  usually  contains   a   certain 
proportion  of  dissolved  foreign  metals,  and  these  impurities  give 
1  Mineral  Indmtry,  1911,  20,  654. 
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rise  to  the  "  tail "   seen  when  the  metal  is  allowed  to  run  over  a 
slightly  inclined  surface.     Impure  mercury,  when  shaken  with 
air,   yields  a  black  powder,  caused   by   the   oxidation   of  the 
metallic  impurities,  and  this   film  of  oxide  incloses   a   small 
globule   of    the   liquid   metal.      The   surest   mode   of  freeing 
mercury  from  these  foreign  metals  is  to  distil  it,  the  surface  being 
covered  with  iron  filings  to  prevent  the  spitting  of  the  metal, 
which,  however,  cannot  be  completely  avoided.    It  is  a  curious  fact 
that  when  small  quantities  of  lead  or  zinc  are  present  in  the  mer- 
cury the  rate  of  distillation  is  much  diminished.   The  distillation 
is  frequently  carried  out  in  vacuo,  numerous  forms  of  apparatus 
for  this  purpose  having  been  proposed.^     Mercury  may  be  more 
easily  purified  by  treating  it  with  dilute  nitric  acid,  the-impur- 
ities  being  thus  dissolved.      For  this  purpose^  the  metal  is 
allowed  to  flow  in  a  very  thin  stream  from  a  capillary  opening 
in  a  drawn-out  glass  funnel  into  a  wide  glass  tube  1'25  m.  high 
and  5  cm.  in  diameter,  which  contains  5  per  cent,  nitric  acid, 
A  narrow  tube  is  fastened  to  the  bottom  of  this  and  bent 
upwards  and  then  at  right  angles,  from  which  the  pure  metal 
flows.     The  above  operations  may  have  to  be  repeated  several 
times,  and  the  metal,  if   pure,  must  leave  no  residue  when 
dissolved  in  pure  nitric  acid,  evaporated  to  dryness  and  ignited. 
It  may  also  be  purified  by  being  placed  in  a  long,  slightly 
inclined  tube,  through  which  air  is  drawn  for  several  days ;  the 
impurities  are  thereby  oxidised,  and  separate  as  a  scum  on 
the  surface.     Purification  may  likewise  be  effected  by  drawing 
a  rapid  stream  of  air  through  mercury  placed  in  a  filter-flask 
and  covered  by  a  layer  of  5  per  cent,  nitric  acid. 

Pure  mercury  possesses  a  silver-white  colour.  It  is  liquid  at 
ordinary  temperatures,  and  the  globules  retain  a  perfectly  spher- 
ical shape.  The  freezing  point  of  mercury  was  first  determined 
by  Hutchins  in  1783,  at  Fort  Albany,  in  Hudson's  Bay  Territory, 
according  to  instructions  received  from  Cavendish  ;  *  its  melting 
point  is  —  38°'85.  In  the  act  of  freezing,  mercury  contracts 
considerably,  giving  rise  to  a  solid  tin-white  ductile  malleable 
mass,  crystallising  in  octahedra,  capable  of  being  cut  with  a 
knife,  and  having  a  specific  gravity  of  14-1932  at  its  freezing 
point,*  and  of  14-383  at  - 188=  (Dewar). 

'  See  Hulett,  Zdt.  physikal.  Chem.,  1900,  33,  611. 

2  L.  Meyer,  Zeit.  anal.  Ohem.,  1863,  2,  241. 

•*  Phil.  Trans.,  178.3, 73,  303.     Consult  Blagden,  "History  of  the  Congelation 
of  Quicksilver,"  ibid.,  329. 

^  Mallet,  Proc.  Roy.  Soc,  1877,  26,  77. 
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The  liquid  metal  is  transparent  when  in  very  thin  films,  and 
transmits  violet-blue  light  (Melsens).  When  a  powerful 
stream  of  water  is  poured  from  a  height  of  a  decimetre  on  a 
mass  of  from  15  to  20  kilos,  of  mercury,  bubbles  of  the  metal, 
of  about  1  cm.  in  diameter,  are  seen  swimming  on  the  sur- 
face of  the  water.  These  consist  of  very  thin  films  of  mercury 
through  which  blue  light  is  transmitted :  they  soon  burst,  and 
leave  behind  a  very  small  solid  globule  of  the  metal. 

The  specific  gravity  of  mercury  at  074°  is  13'59545,^  at 
100°  13-3522,  and  at  360°  12-7405.2  The  boiling  point  of 
mercury,  according  to  Regnault's  observations,  is  357°-25,  the 
metal  giving  rise  to  a  colourless  vapour,  which  has  a  specific 
gravity,  according  to  the  experiments  of  Dumas,  of  6-976,  or 
according  to  those  of  Bineau,  of  6'7  ;  the  molecule  of  mercury 
in  the  gaseous  condition  is,  therefore,  like  those  of  zinc  and 
cadmium — monatomic.  In  spite  of  its  high  boiling  point,  mer- 
cury volatilises  perceptibly  at  the  ordinary  temperature,  both 
in  a  vacuum  and  in  air,  as  proved  by  the  "silvering"  of 
gold-leaf  kept  for  two  months  in  a  vessel  over  mercury  (Faraday) ; 
and  Merget  has  shown  that  even  at  —44°,  when  mercury  is 
solid,  it  still  possesses  a  distinct  vapour  pressure.  The  vapour 
pressure  of  mercury,  as  determined  by  Ramsay  and  Young,^ 
is  given  in  the  following  table,  the  numbers  below  220°  being 
calculated  by  extrapolation  : 


Temperature. 

Pressure 

Temperature. 

Pressure 

C. 

in  mm. 

0. 

in  mm. 

40°     . 

.      0-008 

240°      . 

56-92 

80     . 

.      0-092 

260 

.      96-66 

100     . 

.      0-270 

280      . 

.    157-35 

120     . 

.      0-719 

300 

.    246-81 

140     . 

.      1-763 

320      . 

.    373-67 

160     . 

4-013 

340      ,     . 

.    548-64 

180     . 

.      8-535 

360      .     . 

784^-31 

200 

.    17-015 

400     . 

.  1495-60 

220     . 

.    31-957 

450      . 

.  2996-06. 

The    vapour    pressure    at    0°  C.    probably    does   not    exceed 
00002  mm. 


^  Thiesen  and  Scheel,  Zeit.  Instrumentenhinde,  1898,  18,  138. 
^  Landolt-Bornatein-Roth,  Physikalisch-Chemische  Tahellen,  1912,  46. 
.•'  Journ.  Chem.  Soc,  1886,  49,  37.     See  also  Ilerz,Ann.  Phys.  Chem.,  1882, 
17,  193;  Morley,  Zeit.  physikal.  Chem.,  1904,  49,  95. 
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When  mercury  is  contaminated  with  oxide  or  its  halogen 
derivatives  it  adheres  to  glass,  forming  a  bright  mirror 
(Shenstone).  When  shaken  with  different  liquids,  or  when  it  is 
triturated  with  sugar,  sulphur,  and  other  bodies,  the  liquid.metal 
is  obtained  in  a  very  finely  divided  state,  being  converted  into  a 
grey  powder.  This  was  formerly  termed  Aethiops  per  se.  This 
act  of  fine  division  is  termed  the  "  extinction  "  or  "  deadening '' 
of  mercury.  Grey  mercurial  ointment  is  formed  by  rubbing  up 
mercury  and  fat  together,  and  in  this  preparation  the  mercury  is 
in  the  form  of  globules  having  a  diameter  of  0002  to  0'004  mm. 
Mercury  is  not  attacked  by  dilute  hydrochloric  or  sulphuric 
acid,  but  is  readily  dissolved  by  nitric  acid  and  by  hot  concen- 
trated sulphuric  acid.  It  is  readily  attacked  by  dry  chlorine, 
bromine,  or  iodine.^ 

Mercury  has  been  obtained  in  the  colloidal  form  by  the 
reduction  of  mercurous  nitrate  by  stannous  nitrate  in  the  pre- 
sence of  ammonium  citrate,  as  a  black  precipitate  which  forms  a 
deep  brown  solution  in  water.^ 

Mercury  is  largely  used  in  connection  with  the  manu- 
facture of  physical  and  chemical  apparatus,  for  collecting  gases 
which  are  soluble  in  water,  for  the  preparation  of  mirror  plates, 
for  the  amalgamation  and  extraction  of  silver  and  gold,  for  the 
preparation  of  the  mercurial  compounds,  and  in  the  electro- 
lytic production  of  caustic  soda. 


Alloys  of  Meecury  or  Amalgams. 

312  The  general  properties  of  these  alloys  have  already  been 
given  on  p.  88  of  this  volume. 

Sodium  Amalgam. — Sodium  combines  violently  with  mercury, 
evolving  light  and  emitting  a  hissing  noise.  One  part  of 
sodium  to  100  of  mercury  forms  an  amalgam  having  an  oily 
consistency,  but  with  80  of  mercury  to  1  of  sodium  a  pasty  mass 
is  obtained,  and  with  smaller  quantities  of  mercury  a  hard  and 
crystalline  amalgam  is  formed. 

The  existence  of  many  compounds  of  sodium  and  mercury 
has  been  deduced  from  the  freezing-point  curve  of  these  two 
elements,  and  some  of  these  have  been  separated  and  analysed 
(p.  89).     The  compound  of  highest  melting  point  has  the  formula 

1  Shenstone,  Joum.  Chem.  Soc,  1897,  71,  483. 

2  Lottermoser,  /.  pr.  Chem.,  1898,  [2],  57,  484. 
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NaHgg,  and  melts  at  360°,  the  melting  point  being  lowered 
by  the  addition  of  either  mercurj^  or  sodium.^ 

The  amalgams  of  the  alkali  metals  decompose  slowly  on  expo- 
sure to  moist  air  and  water,  and  amalgamate  iron  and  plati- 
num. Sodium  amalgam  is  sometimes  employed  in  the  processes 
of  extracting  silver  and  gold,  and  frequently  in  organic 
chemistry  as  a  reducing  agent. 

Potassium  Amalgam. — Potassium  combines  with  mercury 
with  evolution  of  heat  but  without  incandescence,  forming  a 
silver-white  compound,  which  is  liquid  when  it  contains  one 
part  of  potassium  to  about  seventy  parts  of  mercury,  but  be- 
comes solid  when  it  contains  more  potassium.  The  existence 
of  several  compounds  of  potassium  and  mercury  has  been 
deduced  from  the  thermal  diagram  of  these  elements  and  some 
of  these  have  been  separated  and  analysed  (p.  89).  The  com- 
pound KHgg,  which  melts  at  269"8°,  is  the  amalgam  of  highest 
melting  point  formed  by  these  two  elements.^ 

Ammonium  Amalgam. — This  compound,  discovered  at  the 
same  time  by  Berzelius  and  Pontin,^  and  Seebeck,*  has  already 
been  described  (p.  377). 

The  Amalgams  of  the  Alkaline  Earth  Metals  are  easily  formed 
by  direct  union  of  the  elements,  and  have  also  been  prepared  by 
the  electrolytic  method  (p.  89). 

Magnesium  Amalgam  may  be  prepared  by  heating  the  two  ele- 
ments together.  It  decomposes  water  very  energetically,  and 
has  been  employed  as  a  reducing  agent  in  organic  chemistry. 

Copper  Amalgam. — If  copper  foil  is  rubbed  with  a  solution 
of  nitrate  of  mercury  it  becomes  covered  with  a  bright  lustrous 
coating  of  the  metal,  and  if  a  line  be  drawn  with  this  solution 
on  a  piece  of  brass  foil  and  the  foil  bent  at  this  place,  it  can 
easily  be  broken,  as  the  mercury  very  soon  penetrates  the  copper 
and  renders  it  brittle.  Copper  amalgam  is  obtained  by  rubbing  a 
copper  rod  with  the  nitrate  solution,  and  then  allowing  it  to 
remain  in  contact  with  mercury  under  warm  water.  All  the 
copper  amalgams  which  contain  from  25  to  33  per  cent,  of 
copper,  when  heated  to  100°  become  plastic  when  rubbed  in 
a  mortar.  After  from  ten  to  twelve  hours  the  amalgam  loses 
its  plasticity  and  assumes  a  granular  crystalline  structure,  and  is 

1  See  Kurnakotf,  Zeit.  anorg.    Chem.,   1900,  23,   439;  Kerp  and  Bbttger, 
ibid.,  1900,  25,  1 ;  SchuUer,  ibid.,  1904,  40,  385. 
"  Janecke,  Zeit.  physikal.  Chem.,  1907,  58,  245. 
1  aUbert's  Ann.,  6,  260. 
^  Gehlen,  Neu.  AUg.  Journ.  Chem.,  5,  482, 
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hard  enough  to  engrave  upon  tin.  Its  density  is  the  same  in 
the  soft  and  hard  states  and,  therefore,  it  does  not  expand  or  con- 
tract in  hardening,  and  thus  when  hard,  fills  cavities  into  which 
it  has  been  pressed  in  the  soft  state.  This  amalgam  is  used  for 
stopping  teeth,  but  the  copper  which  it  contains  renders  it 
objectionable  on  account  of  its  tendency  to  blacken.  It  is  also 
used  for  sealing  bottles,  glass  tubes,  &c.,  when  other  plastic 
substances,  such  as  cork,  cannot  be  used,  as  well  as  for  taking 
impressions  of  engraved  metal  work. 

Silver  Amalgam  occurs  as  a  mineral  at  Moschellandsberg,  in 
the  Palatinate,  and  crystallises  in  the  regular  system.  It  is 
artificially  prepared  as  the  silver  tree  (arhor  Biance)  by  pouring 
mercury  into  a  solution  of  silver  nitrate.  The  composition  of 
the  product  thus  deposited  as  well  as  that  of  the  natural 
amalgam  varies  considerably  (p.  89,'. 


COMPOUNDS  OF  MERCURY. 

313  Mercury  forms  two  chief  series  of  compounds,  the 
mercuric  compounds,  in  which  the  metal  is  divalent,  and  the 
mercurous  compounds,  in  which  each  atom  of  the  metal  replaces 
only  one  of  hydrogen. 

The  mercuric  compounds  are  obtained  in  many  cases  by  the 
action  of  an  excess  of  acid  on  metallic  mercury.  They  are 
converted  by  reducing  agents  into  mercurous  salts,  these  latter 
being  further  reduced  to  metallic  mercury  in  presence  of  an 
excess  of  the  reducing  agent.  The  soluble  salts  have  a  metallic 
taste,  redden  blue  litmus,  and  are  extremely  poisonous 
(see  p.  690). 

The  molecular  weights  of  several  of  these  salts  have  been 
determined  by  the  vapour  density  method,  and  by  the  cryoscopic 
and  ebullioscopic  methods,  and  have  been  found  to  be  normal, 
corresponding  with  the  general  formula  HgX'j. 

Mercuro2ts  compounds  are  formed  by  the  action  of  mercury 
or  some  other  reducing  agent  on  mercuric  compounds,  as  well  as 
in  some  cases  by  the  action  of  acids  on  excess  of  mercury. 
They  very  readily  dissociate  in  solution  into  metallic  mercury 
and  a  mercuric  compound,^  this  reaction  being  a  reversible  one 
and  leading  to  a  state  of  equilibrium  between  the  mercurous 
'  Hada,  Journ.  Chem.  Soc,  1896,  69,  1667. 
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and  mercuric  ions  present.  Thus,  when  excess  of  mercury 
is  shaken  with  a  faintly  acid  solution  of  mercuric  nitrate  at  25°, 
about  1/240  of  the  mercury  in  solution  is  finally  present  as 
mercuric  salt  and  the  remainder  as  mercurous  salt,  these  two 
salts  being  about  equally  dissociated.^ 

The  halogen  derivatives  with  the  exception  of  the  fluoride 
are  insoluble  in  water;  the  salts  with  oxyacids  dissolve  only 
in  presence  of  free  acid,  pure  water  converting  them  into 
soluble  acid  salts  and  insoluble  basic  salts.  They  have  a 
metallic  taste,  and  are  poisonous,  although  less  so  than  the 
mercuric  salts. 

The  true  molecular  formula  of  the  mercurous  compounds  has 
been  the  subject  of  much  discussion,  some  authorities  main- 
taining that  these  compounds  have  the  general  formula  HgX', 
and  others  supporting  the  double  formula,  HggX^g.  In  the 
former  case  mercury  in  these  compounds  must  be  supposed  to 
act  as  a  monad,  in  the  latter  it  may  be  present  as  a  dyad,  as 
shown  in  the  constitutional  formula  X'"HgHg'X\  The 
vapour  density  of  mercurous  chloride  corresponds  with  the 
formula  HgCl,  but  it  has  been  shown  by  Harris  and  V.  Meyer  ^ 
that  the  vapour  is  a  mixture  of  mercury  and  mercuric 
chloride,  formed  by  dissociation  from  the  mercurous  chloride. 
If  the  vapour  of  calomel  be  passed  through  a  porous  tube, 
the  mercury  diffuses  through  the  latter  and  condenses  in 
globules,  whilst  the  portion  which  finally  condenses  inside  the 
tube  contains  an  excess  of  mercuric  chloride.  Further,  if  solid 
potash  be  placed  in  the  vapour,  it  is  immediately  coated  with 
yellow  mercuric  oxide,  and  does  not  show  even  a  momentary 
formation  of  the  dark  mercurous  oxide.  The  vapour  density, 
therefore,  cannot  be  taken  as  a  proof  of  the  molecular 
formula,  HgCl. 

Baker^  has,  however,  found  that  very  carefully  dried  mercurous 
chloride  volatilises  without  dissociation,  yielding  a  vapour  the 
density  of  which  corresponds  with  the  formula,  HgjClg. 

Beckman,'*  by  cryoscopic  measurements,  has  shown  that 
mercurous  chloride,  dissolved  in  fused  mercuric  chloride,  has 
the  formula  HggClg. 

The  view  that  the  mercurous  compounds  contain  two  atoms 

1  Abel,  Zeit.  anorg.  Chem.,  1891,  26,  361. 

^  Bcr. ,    1894,    27,    1482 ;  1895,  28,  364 ;    see   also  Smith   and   Menzies, 
J.  Amer.  Chem.  Soc,  1910,  32,  1541. 
3  Journ.  Chem.  Soc,  1900,  77,  646. 
*  Zeit.  anorg.  Chem.,  1907,  55,  175. 
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of  divalent  mercury  in  the  molecule  is  also  confirmed  by  the 
work  of  Ogg}  who  has  shown  by  a  study  of  the  eqixilibrium 
between  mercury,  mercurous  nitrate,  and  silver  nitrate,  and  from 
various  properties  of  solutions  of  mercurous  nitrate,  that  this 
salt  in  solution  yields  the  divalent  ion  Hg-Hg,  and  therefore 
probably  has  the  formula  Hg2(N03)2. 

Mercury  and  Oxygen. 

314  These  elements  form  three  compounds  : 

Mercurous  oxide,  HggO. 
Mercuric  oxide,  HgO. 
Mercury  peroxide  HgOj. 

Mercurous  Oxide,  HgjO. — This  compound,  also  called  sub- 
oxide or  grey  oxide  of  mercury,  is  easily  obtained  by  the 
action  of  caustic  alkalis  in  excess  on  a  mercurous  salt.  It  is  a 
blackish-brown  powder,  which  by  the  action  of  light  and  a 
moderate  temperature,  as  well  as  when  brought  in  contact  with 
different  saline  solutions,  is  decomposed  into  the  metal  and  the 
monoxide ;  at  100°  it  unites  with  oxygen.''  It  corresponds  to 
the  series  of  mercurous  salts. 

Mercuric  Oxide  or  Mercury  Monoxide,  HgO  ;  commonly  termed 
Red  Oxide  of  Mercury,  or  Red  Precipitate. — This  compound  was 
known  to  the  Latin  Geber,  who  obtained  it  by  heating  mercurv 
in  the  air  for  a  long  time.  It  was  afterwards  known  by  the 
name  of  mercui'ius  prcecij)itatus  per  se.  The  same  compound  is 
formed  when  a  solution  of  mercury  in  nitric  acid  is  evaporated, 
and  the  residue  heated  ;  the  compound  thus  prepared  was  called 
by  Raymond  Lully  mercuritcs  prcecipitatus  ruber. 

When  mercury  is  exposed  in  a  glass  flask  with  a  long  neck 
for  several  weeks  to  a  temperature  somewhat  below  its  boiling 
point,  small  red  crystals  of  the  oxide  appear  on  the  surface,  and 
this  product,  which  has  a  dark-red  colour  and  is  highly  crys- 
talline, increases  gradually  in  quantity.  Mercuric  oxide  is 
prepared  on  the  large  scale  by  heating  an  intimate  mixture 
of  mercury  and  mercuric  nitrate  until  no  further  red  fumes  are 
given  off:  in  this  way  it  is  obtained  in  the  form  of  bright 
brick-red  crystalline  tablets,  which  have  a  specific  gravity  at  4° 
of  11-136  (Joule  and  Playfair). 

'  Zeit.  physikal.  Ohem.,  1898,  27,  285. 
^  Colsoii,  Conipt.  rend.,  1899,  128,  1104. 
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When  a  solution  of  a  mercuric  salt  is  precipitated  by  caustic 
potash  or  soda,  a  yellow  precipitate  is  obtained  which,  when 
dried  in  the  air,  consists  of  microscopic  square  tablets  of  the 
anhydrous  oxide.  The  loss  of  weight  at  175°  which  led  to  the 
conclusion  that  this  substance  was  a  hydroxide  ^  is  in  reality 
due  to  partial  decomposition  of  the  oxide.^  The  yellow  and  red 
oxides  are  regarded  by  many  chemists  as  differing  only  in  the 
size  of  their  particles,^  but  according  to  Schoch  they  possess 
different  crystalline  forms,  and  the  dissociation  pressure  of  the 
yellow  oxide  at  300°  is  considerably  greater  than  that  of 
the  red  oxide.  When  heated  at  250-600°  it  is  converted  into 
the  red  oxide  with  simultaneous  partial  decomposition  into 
mercury  and  oxygen. 

Mercuric  oxide  is  a  powerful  poison,  it  possesses  an  un- 
pleasant metallic  taste  and  an  alkaline  reaction,  and  is  slightly 
soluble  in  water.  When  heated  it  first  changes  to  a  dark 
cinnabar-red  colour,  and  afterwards  assumes  a  black  tint,  but 
on  cooling  it  resumes  its  original  appearance.  At  a  red-heat  it 
decomposes  into  its  elementary  constituents,  and  on  cooling 
these  partially  recombine. 

When  the  oxide  is  heated  with  sulphur  explosions  occur,  and 
it  is  also  decomposed  when  brought  in  contact  with  fused 
sodium,  with  evolution  of  light  and  heat. 

Mercuric  oxide  is  used  in  medicine,  and  is  valuable  for 
various  purposes  in  chemical  analysis. 

Mercury  peroxide,  HgOg,  is  prepared  in  small  quantities,  by  the 
catalytic  decomposition  of  hydrogen  peroxide  by  means  of 
mercury ;  *  it  may  be  prepared  also  by  the  interaction  of  alcoholic 
mercuric  chloride,  hydrogen  peroxide,  and  alcoholic  potash.^ 
The  anhydrous  peroxide  is  an  amorphous  brick-red  powder 
which  is  fairly  stable  in  air.  It  is  slowly  decomposed  by 
water. 

1  Carnelley  and  Walker,  Journ.  Chem.  Soc,  1888,  53,  80. 

2  Schoch,  Amer.  Chem.  J.,  1903,  29,  319. 

3  Ostwald  and  Mark,  Heit.  physikal.  Chem.,  1895,  18,  159;  Ostwald, 
ibid.,  1900,  34,  495;  Koster  and  Stork,  Rec.  trav.  chim.,  1901,  ii.,  20,  394; 
Schick,  Zeit.  physikal.  Chem.,  1902,  42,  155.  See  also  Cohen,  Proc.  K.  Akad. 
Wetensch.,  Amsterdam,  1899,  2,  273,  458. 

■>  Antropoff,  Zeit.  Mektrochem.,  1906,  12,  585. 

»  Pellini,  Atti  R.  Accad.  Lincei,  1907,  [v.],  16,  ii.,  408. 
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Mercurous  Salts. 

315  Mercurous  Fluoride,  HgjF^,  is  produced  by  the  action  of 
HF  on  mercurous  carbonate,  or  of  silver  fluoride  on  calomel.^ 
It  is  a  yellow  crystalline  salt,  blackened  by  light,  and  soluble 
in  water. 

Mercurous  Chloride,  HgjClg,  is  commonly  known  as  calomel. 
Calomel  occurs  as  a  mineral  termed  horn -quicksilver,  found 
at  Moschellandsberg,  Idria,  Almaden,  and  other  places, 
crystallising  in  rhombic  prisms.  The  artificial  substance  has 
been  known  for  a  long  time,  and  it  appears  to  have  been  used 
in  the  sixteenth  century  as  a  medicine,  known  by  the  name  of 
Draco  mitigatus.  Manna  metallorum,  Aquila  alba,  or  Mercurius 
dulcis.  It  afterwards  received  the  name  calomel,  which  it  now 
bears,  from  /caXo/xeXa?,  a  fine  black  colour,  because  it  turns 
black  when  acted  upon  by  an  alkali. 

Mercurous  chloride  is  formed  by  the  direct  union  of  its 
elements,  and  also  by  the  action  of  hydrochloric  acid  or  common 
salt  solution  on  a  dilute  solution  of  mercurous  nitrate.  In  order 
to  prevent  a  basic  nitrate  being  carried  down  with  the  insoluble 
chloride,  an  excess  of  hydrochloric  acid  or  salt  solution  must  be 
added,  and  the  liquid  must  be  warmed  with  the  precipitate  for 
some  time.  In  this  way  it  is  obtained  in  the  form  of  a  yellow- 
ish-white impalpable  powder. 

Calomel  is  commonly  prepared  by  sublimation.  For  this 
purpose  an  intimate  mixture  of  mercuric  chloride  (corrosive 
sublimate)  and  mercury  in  the  right  proportions  is  heated. 
Another,  and  now  nearly  obsolete  process,  is  to  rub  up  dry 
mercuric  sulphate  in  a  mortar  with  as  much  mercury  as  it 
already  contains,  and  an  equal  quantity  of  common  salt,  until 
the  globules  disappear  and  a  uniform  mixture  is  produced. 
This  is  then  sublimed,  the  vapour  of  calomel  being  carried 
into  an  atmosphere  of  steam  or  into  a  chamber  containing 
air,  where  it  is  condensed  in  a  finely- divided  form;  thus  the 
labour  of  powdering  it  is  avoided.  The  following  decomposition 
occurs  : 

HgSO,  +  Hg  +  2NaCl  =  Hg^Cl^  +  Na^SO,. 

The  sublimed  powder  thus  obtained  is  well  washed  to  free  it 
from  any  traces  of  corrosive  sublimate  which  it  may  contain, 
and  dried  ready  for  use.      When  dissolved  in  hot  mercurous 

1  Finkener,  Pogy.  Ann. ,  18G0,  110,  142. 
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nitrate  solution,  and  allowed  to  cool,  it  separates  out  in 
yellowish-white  tetragonal  plates. 

Calomel  has  long  been  known  and  manufactured  in  China 
and  Japan  under  the  name  of  keifim  (light  powder).  This 
product  occurs  as  a  light  bulky  powder,  consisting  of  very  thin 
minute  scales,  lustrous,  transparent,  and  white  or  faintly  cream 
coloured.  It  is  quite  free  from  corrosive  sublimate  and  is 
manufactured  by  heating  balls  of  porous  earth  and  salt,  soaked 
in  bittern  (the  mother-liquor  of  partially  evaporated  sea-water), 
along  with  mercury  in  iron  pots  lined  with  earth.  The  heat 
forms  hydrochloric  acid  from  the  magnesium  chloride  in  the 
bittern,  the  mercury  sublimes  into  the  clay  covers  of  the  pots, 
air  enters  by  diffusion  and  the  following  reaction  occurs  : 

4Hg  +  4HC1  4-  O2  =  2Hg2Cl2  -|-  2H2O. 

The  cover  thus  becomes  filled  with  a  network  of  micaceous 
particles  of  calomel.^ 

Calomel  is  tasteless,  and  has  a  specific  gravity  of  6'56.  It 
evaporates  at  a  red  heat  without  fusion,  yielding  a  colourless 
vapour,  whose  specific  gravity  is  8-21  (Deville  and  Troost).  As 
already  explained  (p.  681),  this  vapour  is  a  mixture  of  the 
vapours  of  mercury  and  mercuric  chloride. 

Calomel  is  also  formed  by  the  action  of  many  reducing  agents 
on  solutions  of  mercuric  chloride.  It  is  partially  decomposed 
by  the  action  of  concentrated  solutions  of  chlorides,  mercuric 
chloride  passing  into  solution  and  mercury  remaining  undis- 
solved.^ The  solubility  of  calomel  ^  in  water,  as  determined  by 
the  conductivity  method,  is  about  0'4  mgrm.  per  litre  at  20°. 

Calomel  is  largely  employed  in  medicine,  the  precipitated 
compound  being  more  active  in  its  medicinal  properties  than 
that  prepared  by  sublimation,  owing  to  its  finer  state  of  division. 
In  certain  cases  abnormal  poisonous  effects  have  been  produced 
by  calomel,  which  have  probably  been  caused  by  the  presence 
of  basic  mercurous  nitrate. 

Mercurous  Bromide,  Hg2Br2,  is  obtained  as  a  heavy  white  pre- 
cipitate by  adding  hydrobromic  acid  or  potassium  bromide  to 
mercurous  nitrate  solution.  It  is  obtained  in  white  nacreous 
tetragonal  plates  of  sp.  gr.  7-037  by  shaking  a  solution  of 
mercurous  nitrate  with  bromine  water  or  an  alcoholic  solution 

1  Divers,  J.  Soc.  Chem.  Ind.,  1894,  13,  108. 

»  Richards  and  Archibald,  Zeit.  physikal.  Chem.,  1902,  40,  385. 

'^  Ley  and  Heimbuoher,  Zeit.  Meklrochem.,  1904,  10,  301. 
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of  bromine.  It  sublimes  at  340 — 350°  without  decomposition.^ 
and  slowly  decomposes  in  the  light.  It  is  only  sparingly  soluble 
in  water. 

Mercurous  Iodide,  Hgglj,  is  prepared  by  rubbing  mercury  with 
mercuric  iodide  or  iodine  in  the  requisite  proportions,  and  then 
forms  a  greenish-coloured  powder,  which  is,  however,  not  pure. 
If  an  excess  of  iodine  is  boiled  with  a  solution  of  mercurous 
nitrate  containing  a  little  nitric  acid,  mercurous  iodide  separates 
on  cooling  in  transparent  yellow  tetragonal  plates,  which 
gradually  blacken  in  the  light.  On  heating,  the  colour  changes 
successively  to  dark  yellow,  orange,  and  garnet-red,  and  on  cool- 
ing the  same  colours  are  observed  in  the  reverse  order ;  it 
commences  to  sublime  at  110 — 120°,  and  melts  and  decomposes 
at  290°.^  It  is  partially  decomposed  by  heat  and  by  treatment 
with  potassium  iodide  solution  into  mercury  and  mercuric 
iodide.^  It  dissolves  slightly  in  oils,  the  best  solvent  being 
castor  oil,  which  dissolves  2  per  cent.  In  the  form  of  powder  it 
is  used  in  medicine. 

Mercm'ous  Sulphide  does  not  exist,  a  mixture  of  metallic  mer- 
cury and  mercuric  sulphide  being  produced  in  cases  in  which 
its  formation  might  be  expected. 

Mercurous  Sulphate,  HggSO^,  is  formed  by  heating  concen- 
trated or  fuming  sulphuric  acid  with  an  excess  of  mercury,  or 
by  precipitating  mercurous  nitrate  with  sulphuric  acid,  or  by 
the  electrolysis  of  sulphuric  acid  with  a  mercury  anode.*  It  is 
a  white  crystalline  powder  which  when  gently  heated  melts,  and 
on  cooling  solidifies  to  a  crystalline  mass.  It  is  precipitated 
almost  completely  by  sulphuric  acid  from  its  solution  in  nitric 
acid.  It  is  easily  soluble  in  hot  sulphuric  acid ;  part  of  it 
separates  out  on  cooling,  and  the  remainder  is  precipitated  on 
the  addition  of  water.  When  heated  with  water  at  25°  it  first 
yields  the  basic  salt,  HgjSO^.HgjO.H^O,  as  a  white  powder,  and 
with  a  larger  amount  of  water  is  converted  into  the  oxide  (Cox). 

Mercurous  Nitrite,  Hg2(N02)2,  is  the  first  product  of  the  action 
of  nitric  acid  on  mercury  (Vol.  I.,  p.  566),  and  may  be  prepared 
by  the  action  of  dilute  nitric  acid  on  excess  of  mercury.  It 
forms  yellow  needles  and  is  partially  decomposed  by  water,  form- 
ing mercury  and  mercuric  nitrite,  whilst  part  dissolves.     It  is 

1  Stroman,  Ber.,  1887,  20,  2822.  2  Ibid.,  2818. 

=  Franfois,   /.  Pharm.,  1899,   (6),   10,  16;  Compt.  rend.,  1895,  121,  888; 
1896,  122,  190. 
*  Hulett,  Zeit.  physikcd.  Chem.,  1904,  49,  494. 
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slowly  converted  by  dilute  nitric  acid  into  mercurous  nitrate,  or 
one  of  the  basic  salts  derived  from  it.^  The  pure  salt  has  a 
sp.  gr.  of  5'925.^  When  heated  it  decomposes,  yielding  nitric 
oxide,  mercurous  nitrate,  mercury  and  mercuric  oxide.^ 

Mercurous  Nitrate,  Hg2(N03)2,  is  formed  by  the  action  of 
dilute  nitric  acid  in  the  cold  on  mercury.  Hot  nitric  acid, 
on  the  other  hand,  especially  if  an  excess  of  acid  be  em- 
ployed, forms  mercuric  nitrate.  Bergman  was  the  first  to 
point  out  the  difference  between  the  two  solutions  thus 
obtained,  the  explanation,  according  to  the  then  prevalent 
views,  being  that  the  solution  of  the  metal  in  cold  nitric  acid 
contained  less  phlogiston  than  that  in  the  hot  acid.  At  a 
later  period  the  same  fact  was  explained  by  stating  that  in 
the  former  the  mercury  was  less  strongly  oxidised  than  in  the 
latter  case. 

Mercurous  nitrate  crystallises  in  monoclinic  tablets  or  prisms 
of  the  formula  Hg2(N03)2,2H20,  which  lose  their  water  on 
exposure  to  dry  air.  The  crystals  melt  at  70°,  forming  a 
clear  liquid  of  sp.  gr.  4'3.*  The  pure  salt  is  at  once  decomposed 
by  water  (Hada),  leaving  a  basic  nitrate.  It  is  easily  soluble 
in  dilute  nitric  acid,  and  this  solution  brought  on  to  the  skin 
colours  it,  first  purple,  and  then  a  black  tint. 

A  number  of  different  basic  nitrates  are  formed  by  the  action 
of  water  on  the  nitrate  under  varying  conditions  of  tempera- 
ture, concentration  and  acidity.  Among  those  described  ^  are 
3Hg2(N03)2,Hg20,H20,  crystallising  in  long,  thin  prisms ; 
3Hg2(N03)2,2Hg20,2H20,  forming  a  white  powder  or  hard 
lustrous  triclinic  prisms ;  Hg2(N03)2,Hg20,H20,  a  yellowish 
crystalline  mass ;  and  Hg2(N03)2,2Hg20,2H20,  a  yellowish-green 
powder.  As  already  mentioned  (p.  681),  mercurous  nitrate  in 
solution  dissociates  partially  into  mercury  and  mercuric  nitrate. 
When  the  salt  is  boiled  with  water,  mercury  slowly  volatilises, 
and  may  be  condensed  in  globules.^ 

Mercurous  Carbonate,  Hg2C03,  is  obtained  by  precipitating 
the  nitrate  with  potassium  hydrogen  carbonate.  In  order  to 
remove  a  quantity  of  basic  nitrate  which  is  thrown  down  at  the 
same  time,  the  potassium  carbonate  is  added  in  excess,  and  the 

1  Ray,  Zeit.  anorg.  Chew,.,  1896,  12,  365;  Jotirn.  Ohem.  Soc,  1897,  71,  337. 

'^  Ray,  Joum.  Ghem.  Soc,  1908,  93,  999. 

3  Ray  and  Sen,  Joum.  Chem.  Soc,  1903,  83,  491. 

*  Retgers,  Jahrl.  Min.,  1896,  ii.,  183. 

=  See  Cox,  Zeit.  anorg.  Chem.,  1904,  40,  174. 

"  Hada,  Joum.  Chem.  Soc,  1896,  69,  1667. 
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solution  is  allowed  to  stand  for  some  days.  Mercurous  carbonate 
is  a  yellow  powder  which  decomposes  at  130°  into  carbon 
dioxide,  mercury,  and  mercuric  oxide,  and  blackens  on  exposure 
to  light  (Lefort). 


Mercuric  Salts. 

316  Mercuric  Fkioride,  HgF2,2H20,  is  formed  by  the 
action  of  excess  of  hydrofluoric  acid  upon  the  oxide.^  It  is  a 
white  crystalline  mass  which  decomposes  at  50°,  with  formation 
of  the  yellow  oxyjluoride,  HgF(OH),  which  is  also  obtained 
when  an  excess  of  mercuric  oxide  is  treated  with  hydrofluoric 
acid.  On  slow  evaporation  it  separates  in  dark-yellow  crystals. 
The  fluoride  is  largely  hydrolysed  in  aqueous  solution,  and  is 
completely  decomposed  into  oxide  and  hydrofluoric  acid  by  a 
large  amount  of  water  at  25°,  no  basic  salt  being  formed.^ 

Mercuric  Chloride,  HgClj. — This  salt  is  obtained  when 
mercury  is  heated  in  chlorine.  It  was  first  obtained  by  the 
Latin  Geber  according  to  the  following  receipt :  "  Sublime 
Argentvive  thus :  Re.  of  it  lib.j.  of  vitriol  rubified,  lib.  ij.  of  rock- 
allum  calcined,  lib.j  of  common  salt,  lib.  semis,  and  oi salt-petrc  one 
fourth  part.  Incorporate  all  together,  and  sublime :  and  gather 
the  white,  dense,  and  ponderous,  which  shall  be  found  about  the 
sides  of  the  vessel,  and  keep  it,  as  Ave  have  appointed  of  other 
things.  But  if,  in  the  first  sublimation,  you  shall  find  it  turbid, 
or  unclean  (which  may  happen,  by  reason  of  your  own  negli- 
gence), again  sublime  it  with  the  same  feces,  and  reserve  it  for 
use."  At  a  later  date  a  somewhat  similar  method  of  prepara- 
tion was  employed  on  a  large  scale,  and  the  product  was 
termed  Corrosive  sublimate  or  Mercurms  sMimatus  corrosivus. 
For  this  purpose  an  intimate  mixture  of  3  parts  of  mercury, 
2  of  common  salt,  2  of  saltpetre,  and  4  of  calcined  ferrous 
sulphate  was  heated : 

Kg + 2NaCl  -h  2KNO3  +  Fc^SPg  =  HgCl^ + Na.SO,  -|- 
KjSO.-t-FeA+SNO^. 

The  nitrogen  peroxide  which  was  given  off  was  condensed  in 
water,  and  the  acid  obtained  was  employed  for  the  preparation  of 
mercuric  oxide.     At  the  end  of  the  sixteenth  century,  corrosive 

»  Finkener,  Pogg.  Ann.,  1860,  110,  628. 

2  Jaeger,  Zeit.  anorg.  Chem.,  1901,  27,  22;  Cox,  ibid.,  1904,  40,  146. 
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sublimate  was  a  well-known  commercial  article.  In  the  works 
of  the  so-called  Basil  Valentine  the  following  statement  occurs. 
He  says  :  "  Recipe  niercurii  sublimati,  such  as  can  be  bought  at 
the  druggists,  and  has  been  sublimed  with  vitriol  and  salt ;  for 
the  ^  takes  up  in  the  sublimation  the  quintam  essentiam  salis. 
Then  rub  down  the  mercurium  sublimatum  very  finely,  lay  it  in 
the  cellar  in  a  thin  layer  on  an  iron  plate,  let  it  lie  for  some 
days  and  nights,  when  a  fluid  will  be  seen  to  flow  from  it,  and 
the  ^  is  revivified." 

From  its  strongly  corrosive  properties,  mercuric  chloride  was 
also  termed  Draco,  and  as  it  was  capable  of  destroying  the 
metallic  lustre  of  several  metals,  it  was  called  mors  or  malleus 
metallorum.  The  process  which  is  now  employed  for  the  manu- 
facture of  corrosive  sublimate,  namely,  that  of  subliming  a 
mixture  of  mercuric  sulphate  and  common  salt,  was  first  sug- 
gested by  Kunkel,  who  in  the  year  1760  described  this  process 
in  his  Lahoratorium  Chymicum  as  follows :  "  The  best  mercurius 
sublimatus  for  use  in  chemistry  and  such  as  pleases  me,  is  when 
I  take  an  oleum  vitrioli,  which  has  been  highly  freed  from  all  its 
phlegm,  with  mere.  viv.  ana,  or  if  it  has  not  been  rectified  so 
well,  mere,  one  part  and  oleum  one  and  a  half  parts,  and  distil 
off  so  much  oleum  until  all  the  mere,  is  coagulated.  The  white 
Praecipitat  sublimed  with  Sal  communis  ana  gives  a  fine  corro- 
sive sublimate." 

Mercuric  chloride  is  obtained  commercially  by  heating  a 
mixture  of  equal  parts  of  dry  common  salt  and  mercuric 
sulphate.  As  the  latter  salt  can  only  with  difficulty  be  got 
free  from  mercurous  salt,  one-tenth  of  its  weight  of  manganese 
dioxide  is  added  to  the  mixture  in  order  to  prevent  formation 
of  calomel.  The  sublimation  is  carried  on  in  large,  flat,  long- 
necked  glass  balloons,  which  are  first  placed  in  a  sand-bath 
up  to  their  necks,  and  gently  heated  in  order  to  drive  off 
all  moisture.  So  much  of  the  sand  is  then  removed  that  only 
the  lower  half  of  the  balloon  is  surrounded  by  sand,  and  then 
this  is  heated  more  strongly  until  the  whole  of  the  chloride  is 
sublimed.  On  cooling,  the  balloon  is  broken  and  the  cake  of 
sublimate  removed. 

Mercuric  chloride  crystallises  in  needles  belonging  to  the 
rhombic  system,'-  the  commercial  article  usually  having  the 
form  of  a  semi-transparent  crystalline  crust.     According  to  the 

1  Mitsoherlich,  Pogg.  Ann.,  1833,  28,  118  ;  Luozizky,  Ztit.  Kryst.  Min., 
1909,  46,  297. 
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experiments   of  Poggiale,    100 

parts   of  water 

dissolve    the 

following : 

At              10°             20' 

50°               80° 

100° 

HgCL        6-57         7-39 

11-34        24-3 

53-96. 

Mercuric  cjiloride  dissolves  in  about  three  parts  of  alcohol, 
crystallising  from  the  solution  in  colourless  triclinic  needles, 
and  in  four  parts  of  ether,  so  that  when  this  liquid  is  shaken  up 
with  the  aqueous  solution,  the  greater  part  of  the  salt  is 
removed  from  the  water.  It  crystallises  by  sublimation  in  a 
second  triclinic  form.^  Mercuric  chloride  undergoes  electrolytic 
dissociation  in  aqueous  solution  only  to  a,  very  slight  degree,^ 
but  is  partially  hydrolysed,  so  that  its  solution  has  an  acid  reaction 
to  litmus.^  The  aqueous  solutions  decompose  very  slowly  in 
the  dark  to  form  mercuric  oxide,  chlorine,  and  hydrochloric 
acid,  but  in  the  light  to  form  only  mercurous  chloride  and 
hydrochloric  acid.*  It  is  precipitated  from  its  aqueous  solution 
by  sulphuric  acid,^  but  dissolves  without  decomposition  in  con- 
centrated sulphuric  and  nitric  acids.  Its  specific  gravity  is  5-403 
(Karsten),  it  melts  at  288°  and  boils  at  303°,  the  specific  gravity 
of  its  vapour  being  98  (Mitscherlich),  corresponding  to  the 
normal  molecular  weight.  Corrosive  sublimate  possesses  a  sharp 
metallic  taste,  and  is  a  violent  poison ;  it  is  largely  used,  both 
externally  and  internally,  in  medicine,  especially  in  cases  of 
syphilis.  It  is  also  used  as  an  anti-putrescent  for  anatomical 
preparations,  and  in  dressing  furs  and  skins,  and  especially  as  a 
bactericide  in  antiseptic  surgery.  The  dry  salt  or  its  solution  is 
easily  reduced,  first  to  calomel  and  finally  to  metallic  mercury 
by  arsenic,  tin,  zinc,  &c.,  or  by  stannous  chloride,oxalic  acid,  &c.^ 

Mercuric  chloride  has  the  power  of  forming  crystal  lisable 
compounds  with  a  number  of  other  chlorides,  especially  with 
the  chlorides  of  the  alkali  metals,  giving  rise  to  the  following 
double  chlorides,  as  well  as  to  many  others : — 


KCl,HgCU,H,0 
2KCl,HgC\,H20 
KCl,2HgCl2,2H,0 
2NaCl,HgCl2 


NaCl,HgCl2,2H20 
NH,Cl,HgCl, 
2NH,Cl,HgCl2,H20 
2NH,Cl,3HgCl2,4H20. 

1  von  Lang,  Wien.  Akad.  Ber.,  1862,  45,  119. 

•■^  Grotrian,   Ann.  Phys.   Chem.,    1883,   18,    177.      See  alio   Luther,   Zeit. 
physikal.  Chem.,  1904,  47,  107. 
8  See  Ley,  Ber.,  1897,  30,  2192. 

^  Verda,  Schweiz.  Woch.  Chem.  Pharm.,  1907,  45,  179. 
5  Viard,  Compt.  rend.,  1902,  135,  242. 
8  Oechsner  de  Coninok  and  Dautrj',  Bull.  Acad.  roy.  Belg.^  1908,  55. 
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The  fact  that  these  salts  dissolve  in  water  more  easily  than 
mercuric  chloride  has  long  been  known.  The  iatro-chemists 
prepared  one  of  them  by  dissolving  equal  parts  of  corrosive 
sublimate  and  sal-ammoniac,  and  crystallising  the  solution.  It 
was  termed  by  them  Alembroth.  In  many  cases  ^  the  solutions 
of  these  double  salts  contain  complex  ions,  such  as  HgCl^,  &c. 

Mercuric  chloride  also  unites  with  hydrochloric  acid  ^  to  form 
the  compounds,  HgClgjHCl  and  2HgCl2,H01,  and  with  phos- 
phorus pentachloride,  forming  the  compound  3HgCl2,2PCl5, 
which  can  be  sublimed  in  glistening  needles.  Compounds  with 
hydroxylamine,  acetone,  and  methyl  alcohol  have  also  been 
described. 

Mercuric  chloride  forms  also  a  series  of  basic  salts  or  oxi/- 
chlorides,  which  are  obtained  by  the  action  of  mercuric  oxide 
on  mercuric  chloride  solution,  or  by  adding  potassium  hydrogen 
carbonate  or  marble  ^  to  the  latter.  The  best  defined  of  these 
are  2HgCl2,HgO,  which  crystallises  in  red  monoclinic  needles; 
HgCl2,2HgO,  which  is  a  pitch-black  crystalline  precipitate  ;  and 
HgCl2,3HgO,  which  forms  glistening  golden  yellow  scales  and 
occurs  as  the  mineral  kleinite  in  Texas.*  In  addition  to  these 
several  other  oxychlorides  are  known,  containing  a  larger  amount 
of  oxygen. 

Mercuric  Bromide,  HgBr2. — Mercury  combines  with  bromine 
with  evolution  of  heat,^  and  the  oxide  dissolves  in  hot  aqueous 
hydrobromic  acid.  The  bromide  dissolves  to  the  extent  of  04 
part  in  100  of  cold  water,  and  crystallises  from  aqueous 
solution  in  glistening  scales,  melting  at  235°,*'  and  from  alcoholic 
solution  in  rhombic  needles  or  prisms,  which  can  easily  be  sub- 
limed. It  forms,  with  sodium  bromide  and  chloride,  the  com- 
pounds HgBr2,2NaBr  and  HgBr2,2NaCl,  which  are  extremely 
soluble  in  water.^ 

It  closely  resembles  the  chloride  and,  like  it,  forms  a  number 
of  oxysalts.^ 

1  See  SherriU,  Ztit.  physihal.  Chem.,  190.3,  43,  705. 

2  John  Davy,  Phil.  Trans.,  1822,  112,  357. 

■>  Tarugi,  Gazz.,  1901,  31,  ii-,  313  ;  Arctowski,  Zeit.  anorg.  Chem.,  1896, 
12,  353. 

■•  Sachs,  Sitzungsher.  Ic.  Ahad.  Wiss.,  Berlin,  1905,  1091. 

'  Nernst,  Zeit.  physihal.  Chem.,  1888,  2,  20;  Varet,  Gompt.  rend.,  1895, 
120,  620. 

6  Guinehant,  Compt.  rend.,  1909,  149,  479. 

'  Vicario,  /.  Pharm.  Chem.,  1907,  26,  145. 

8  Fischer  and  Wartenburg,  Chem.  Zeit.,  1902,  26,  966. 
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Mercuric  Iodide,  Hglj,  is  formed  when  the  two  elementary 
constituents  are  rubbed  together  in  the  proper  proportions  in  a 
mortar  with  a  small  quantity  of  alcohol.  It  forms  a  scarlet 
crystalline  powder.  It  is  also  precipitated  when  a  solution  of 
potassium  iodide  is  added  to  one  of  corrosive  sublimate.  In 
this  case,  however,  the  precipitate  which  first  forms  has  a  pale 
yellow  colour,  but  soon  becomes  scarlet ;  it  is  easily  soluble  in 
an  excess  of  either  liquid.  Mercuric  iodide  crystallises  in  tetra- 
gonal prisms  and  pyramids,  from  solution  in  hot,  moderately 
concentrated  solution  of  potassium  iodide,  in  boiling  alcohol,  or 
in  hot  nitric  acid.^  It  has  the  sp.  gr.  6"26,  melts  at  253^254°, 
and  volatilises  without  decomposition,  the  vapour  having  the 
density  15'6-16'2,  corresponding  to  the  formula,  Hglg.  It  is 
very  slightly  soluble  in  water,  but  dissolves  in  many  aqueous 
acids,  ammoniacal  salts,  salts  of  mercury,  and  soluble  iodides 
with  which  it  forms  soluble  double  compounds. 

Mercuric  iodide  is  dimorphous,  for  on  gently  heating  the  red 
modification  to  a  temperature  of  126°  the  mass  becomes  yellow 
with  absorption  of  heat.^  This  change  also  takes  place  when 
the  red  crystals  are  melted  or  sublimed,  yellow  rhombic  prisms 
of  sp.  gr.  6'06  being  formed.  These  retain  their  form  and  colour 
when  allowed  to  cool  to  the  ordinary  temperature,  but  readily 
pass  into  the  red  modification  when  touched  or  rubbed  with  a 
hard  body,  or  even  spontaneously,  heat  being  evolved,  and  the 
red  crystals  retaining  the  form  of  the  yellow. 

Although  the  yellow  form  is  stable  only  at  and  above  126°, 
mercuric  iodide  separates  from  nearly  all  organic  solvents  in 
this  form  at  temperatures  below  126°,  even  when  crystallisation 
is  induced  by  the  addition  of  a  crystal  of  the  red  form.^  The 
vapour  of  mercuric  iodide,  moreover,  always  condenses  in  yellow 
crystals.* 

When  a  cold  solution  of  corrosive  sublimate  and  then  water 
are  added  to  an  alcoholic  solution  of  potassium  tri-iodide  (KIg) 
heated  to  50°,  a  brown  crystalline  precipitate  is  obtained  of  mer- 
cury  jKriodide,  Hglg.  If  the  solutions  be  mixed  together  hot, 
and  allowed  to  cool  slowly,  rhombic  tablets  of  mercury  periodide 

1  Luczizky,  Zeit.  Kryst.  Min.,  1909,  46,  297. 

^  Guinohant,  Oompt.  rend.,  1907,  145,  68. 

3  Kastle  and  Clark,  Amer.  Chem.  J.,  1899,  22,  473;  Kastle  and  Reed, 
Amer.  Ohem.  /.,  1902,  27,  209;  Gernez,  Compt.  rend.,  1903,  136,  889,  1322; 
Mascarelli,  Atli  R.  Accad.  Liiicei,  1906  (5),  15,  ii.,  192.  See  also  §ulo,  Zeit. 
anorg.  Chem.,  1900,  25,  399. 

*  Gernez,  Oompt.  rend.,  1899,  128,  1516. 
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are  obtained  mixed  with  the  yellow  and  red  iodide.  Mercury 
periodide  possesses  in  a  high  degree  the  peculiar  optical  pro- 
perties of  tourmaline,  and  readily  loses  iodine. 

Mercuric  iodide  forms  a  very  large  number  of  double  salts  ^ 
and  also  combines  with  sulphuric  acid,  ammonia,  pyridine,  and 
other  substances.  With  alkali  iodides  and  ether  it  forms  both 
crystalline  and  liquid  compounds.^ 

Mercuric  PercMorate,  Hg(C10^)2,  is  a  deliquescent  salt,  crys- 
tallising with  GHgO.  When  digested  with  excess  of  mercuric 
oxide  it  yields  the  basic  salt  2Hg(C10J,,HgO,12H20,  which  is 
converted  by  alcohol  into  the  compound  Hg(C10^).2,2HgO ; 
this  explodes  with  great  violence  when  heated.^  A  number 
of  other  explosive  substances  have  been  obtained  by  the  action 
of  organic  compounds  on  the  perchlorate  and  chlorate.* 

317  Mercuric  Sulphide  or  Cinnabar,  HgS,  usually  occurs  in 
beds  in  slate  rocks  and  shales,  and  more  rarely  in  granite 
or  porphyry.  It  is  found  in  Idria,  Almaden,  in  the  Palatinate, 
in  Carinthia,  Transylvania,  Tuscany,  in  the  Urals  and  Altai,  in 
China  abundantly,  and  in  Japan,  Mexico,  and  Southern  Peru. 
Extensive  mines  of  cinnabar  exist  in  California  in  the  coast 
ranges  at  different  points,  from  Clear  Lake  in  the  North  to  San 
Louis  Obispo  in  the  South,  the  principal  mines  in  which  region 
are  at  New  Almaden  and  in  the  vicinity  of  Santa  Clara  Co., 
about  sixty  miles  S.S.E.  of  San  Francisco. 

Cinnabar  is  found  in  rhombohedral  crystals  (Class  18,  p.  201), 
which,  like  quartz,  cause  the  circular  polarisation  of  light,  and 
also  in  the  granular  and  massive  states.  It  possesses  a 
cochineal-red  colour  often  inclined  to  brownish-red  and  lead- 
grey  ;  its  streak  is  scarlet,  and  it  is  sub-transparent  or  opaque, 
possesses  a  conchoidal  fracture  and  adamantine  lustre.  Theo- 
phrastus  mentions  this  mineral  as  Kivvd^api'; ;  the  term, 
however,  was  afterwards  used  to  designate  dragons'  blood. 
Pliny  terms  this  latter  substance  cinnabaris,  and  the  mineral 
cinnabar,  being  frequently  confounded  with  red  lead,  is  termed 
by  him  minium. 

The  artificial  preparation  of  this  compound  was  first  described 
by  the  Latin  Geber  under  the  name  of  usifur.  At  the  begin- 
ning of  the  seventeenth   century,  Turquet  de  Mayeme  found 

1  Compare  Duboin,  Ann.  Cliim.  Phys.,  1909,  [viii.],  16,  258. 

2  Marsh,  Joum.  Chem.  Soc,    1910,  97,  2297. 

»  Chikashig^,  Joum.  Chem.  Soc,  1895,  67,  1013  ;  1905,  87,  822. 
■*  Hofmann,  Ber.,  1905,  38,  1999. 
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that  by  rubbing  mercury  and  sulphur  together  a  black  powder 
was  obtained,  and  in  1689  Walter  Harris  showed  that  this 
compound  could  be  obtained  by-intimately  mixing  dry  sulphur 
and  mercury.  Prepared  in  this  way  it  was  termed  ^thiops 
mineral,  and  was  employed  as  a  medicine.  In  the  year  1757, 
J.  0.  Jacobi  proposed  to  employ  for  the  same  purpose  the  pre- 
cipitate obtained  by  adding  caustic  soda  to  a  solution  of  a 
mercury  salt;  this  was  known  under  the  name  of  pulvis 
hypnoticus.  The  mode  of  preparing  cinnabar  by  the  wet  way 
was  first  observed  by  G.  Schulz,  in  1687  ;  he  obtained  it  by 
shaking  together  for  some  time  Boyle's  volatile  tincture  of 
sulphur  and  metallic  mercury.  In  1773,  Baume  showed  that 
the  black  precipitate  which  this  liquid  produced  in  a  solution  of 
mercury  was  gradually  converted  into  cinnabar.  The  difficulty  of 
explaining  the  difference  between  the  black  and  the  red  sul- 
phides of  mercury  was  increased  by  the  fact  that  the  one  could  be 
converted  into  the  other.  Stahl  believed  that  the  black  com- 
pound contained  more  sulphur  than  the  red  one  ;  others  assumed 
that  in  the  latter  compound  the  sulphur  was  more  intimately 
combined  than  in  the  former,  or  that  both  being  compounds  of 
oxide  of  mercury  with  sulphur,  the  cinnabar  contained  mercury 
in  a  higher  state  of  oxidation.  Berthollet,  on  the  other  hand, 
considered  cinnabar  as  mercury  sulphide,  whilst  he  regarded 
the  black  modification  as  a  compound  of  mercury  with  sul- 
phuretted hydrogen.  It  was  not  until  1833  that  the  identity 
in  composition  of  these  substances  was  ascertained  by  Fuchs,i 
and  the  difference  between  them  explained  by  the  fact  that 
the  black  compound  was  amorphous  whilst  the  red  was  crys- 
talline. 

In  order  to  prepare  cinnabar  in  the  dry  way,  according  to  the 
Dutch  process,  mercury  is  added  to  an  excess  of  fused  sulphur 
and  the  cold  broken  mass  brought  into  earthenware  pots 
which  are  heated  in  a  sand-bath  until  the  excess  of  sulphur  is 
driven  off.  The  crucible  is  then  covered  with  an  iron  plate, 
and  the  temperature  is  raised  until  the  cinnabar  sublimes  and 
is  deposited  upon  the  plate. 

In  the  process  of  manufacturing  vermilion  in  Idria,  8  parts 
of  sulphur  and  42  parts  of  mercury  are  placed  in  small  barrels 
which  are  caused  to  rotate  on  their  axes  until  the  contents  are 
converted  into  a  brown  powder  ;  this  substance  is  then  distilled 
in  iron  retorts,  furnished  with  a  head  and  receiver ;  the  purest 
1  Schweiggers'  Journ.,  1833,  67,  1864. 
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cinnabar  condenses  in  the  head  of  the  retort,  whilst  the  portions 
deposited  in  the  receiver  consist  of  a  mixture  of  this  substance 
with  sulphur  and  require  redistillation.  The  sublimate  is 
very  finely  levigated,  treated  with  caustic  soda,  and  then  washed 
with  water  and  dried. 

Vermilion  obtained  in  the  wet  way  possesses  a  much  finer 
colour  than  the  sublimed  vermilion,  and  it  can  be  prepared 
in  a  variety  of  ways.  According  to  Brunner's  ^  process  100 
parts  of  mercury  and  38  parts  of  flowers  of  sulphur  are  rubbed 
together  for  some  hours  and  then  the  mass  is  mixed  with  25 
parts  of  potash  dissolved  in  150  parts  of  water  at  45°.  The 
mixture  is  then  heated,  the  quantity  of  water  being  kept  con- 
stant for  about  eight  hours.  After  this  time  it  begins  to 
exhibit  a  red  colour,  and  when  the  right  tint  has  been  attained 
the  mass  is  quickly  washed  with  water,  as  by  the  further  action 
of  potash  the  vermilion  becomes  brown.  In  another  process 
described  by  Firmenich,^  .5  kilos,  of  mercury  mixed  with  2  kilos, 
of  sulphur  and  4'5  litres  of  a  solution  of  potassium  pentasulphide 
are  heated  in  a  water-bath,  the  potassium  pentasulphide  solution 
being  obtained  by  reducing  20  parts  of  potassium  sulphate  with 
carbon  and  boiling  the  product  with  3'5  parts  of  water  and 
15  parts  of  sulphur.  The  mixture  is  then  poured  into  strong 
stoppered  bottles  which  are  well  shaken  whilst  the  liquid  is 
being  heated.  After  the  lapse  of  from  three  to  four  hours  a 
brown  powder  is  formed.  The  liquid  is  then  allowed  to  cool  to 
50°,  and  is  digested  at  this  temperature  for  some  days  until  the 
colour  of  the  product  reaches  the  right  shade  :  then  it  is  mixed 
with  caustic  soda  in  order  to  withdraw  the  excess  of  sulphur, 
washed  with  water,  and  dried  at  60°. 

Sublimed  cinnabar  is  often  observed  in  distinct  crystals 
having  the  form  of  the  natural  mineral.  Generally,  however, 
it  forms  a  fibrous  mass,  having  a  cochineal-red  colour,  but  when 
powdered  it  has  a  scarlet-red  tint.  Its  specific  gravity  is  8124 
(Boullay);  the  specific  gravity  of  its  vapour  is  5-34  (V.  Meyer), 
from  which  it  appears  that  in  the  gaseous  condition  the  com- 
pound undergoes  dissociation.  Cinnabar  is  not  attacked  by 
hot  nitric  acid,  but  aqua  regia  dissolves  it  easily  with  liberation 
of  sulphur.  It  is  soluble  in  concentrated  hydriodic  acid  in  the 
cold  and  also  in  the  dilute  acid  when  warmed,  sulphuretted 
hydrogen  being  evolved  (KekuM).     Vermilion  is  used  as  an  oil- 

1  Pogg.  Ann.,  1828,  15,  593. 

2  Dingl.  Polyt.  Journ.,  1864,  172,  370. 
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and  water-colour  paint,  for  red  lithographic  and  printers'  ink, 
and  for  colouring  sealing-wax,  &c.  It  is  sometimes  adulterated 
with  red  lead  or  red  oxide  of  iron.  The  presence  of  these 
impurities  can  be  readily  ascertained,  inasmuch  as  pure 
vermilion  sublimes  without  leaving  any  residue. 

Black  or  amorphous  mercuric  sulphide,  which  occurs  as  a 
mineral  in  California,^  is  formed,  as  has  already  been  stated, 
when  flowers  of  sulphur  and  mercury  are  mixed  together.  The 
excess  of  sulphur  can  be  removed  by  carbon  disulphide,  and 
the  excess  of  mercury  by  dilute  nitric  acid.  It  is  likewise 
formed  when  the  component  elements  are  gently  heated 
together,  and  also  by  gently  heating  cinnabar  in  absence  of 
air,  although  by  the  application  of  a  stronger  heat  the  latter 
compound  again  sublimes.  When  solutions  of  the  polysulphides 
of  the  alkali  metals  act  upon  mercury,  the  black  sulphide  is 
likewise  obtained,  and  the  same  compound  may  also  be  prepared 
by  acting  with  an  excess  of  sulphuretted  hydrogen  or  sulphide 
of  ammonium  on  a  solution  of  a  mercuric  salt.  Mercurous  salts 
treated  in  this  way  yield  a  mixture  of  mercuric  sulphide  and 
finelj'^  divided  mercury.  On  passing  sulphuretted  hydrogen  into 
a  solution  of  mercuric  chloride,  a  white  precipitate  is  first 
obtained,  and  this  becomes  yellow  and  ultimately  black  by  the 
further  action  of  the  gas.  This  white  compound  has  the  com- 
position 2HgS,HgClo,  and  on  sublimation  decomposes  into 
cinnabar  and  corrosive  sublimate.  Other  salts  of  mercury  form 
similar  compounds. 

Mercuric  sulphide  also  combines  with  the  sulphides  of  the 
alkali  metals;  thus,  for  instance,  if  a  solution  of  mercuric 
chloride  be  treated  with  a  solution  of  potassium  sulphide  con- 
taining some  free  alkali,  a  clear  solution  is  obtained  and,  on 
evaporation,  very  slender  silky  needles  of  the  compound  HgS, 
KjSjSHjO  are  deposited.  It  is  a  very  unstable  compound, 
and  on  washing  is  resolved  into  its  constituents.  It  was  first 
obtained  by  Brunner,  in  the  preparation  of  vermilion  accord- 
ing to  his  method.  The  conversion  of  the  black  amorphous 
sulphide  into  vermilion  probably  depends  upon  the  formation 
of  this  body. 

Mercuric   Sulphate,   HgSO^.— This   salt   was  known  in  the 

fourteenth  century,  and  is  obtained  by  heating  mercury  with 

oil  of  vitriol.     In  order  to  prepare  a  product  free  from  mercurous 

salt,  the  mercury  must  be  heated  with  1-5  times  its  weight  of 

^  Moore,  /.  pr.  Chem.,  1870,  [2],  2,  319. 
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sulphuric  acid,  and  evaporated  to  dryness.  In  this  way  a  white 
opaque  mass  is  obtained,  which  crystallises  from  an  excess  of 
sulphuric  acid  in  small  stellate  plates,  having  a  silvery  lustre. 
When  gently  warmed  it  becomes  yellow  and  afterwards  red- 
coloured,  and  decomposes,  when  strongly  heated,  into  mercury, 
oxygen,  sulphur  dioxide,  and  mercurous  sulphate.  "Water 
decomposes  it  even  at  25°  with  formation  of  the  insoluble  basic 
salt,  SHgOjSOg,  a  heavy  lemon-coloured  powder  which  on  heating 
becomes  of  a  red  colour,  and  dissolves  in  2,000  parts  of  cold,  and 
600  parts  of  boiling,  water.  The  basic  compound  was  described 
by  Basil  Valentine,  and  was  used  by  the  iatro-chemists  under 
the  name  of  turpetuTn  minerale.  This  appears  to  be  the  only 
definite  basic  mercuric  sulphate  which  exists  at  25°.^ 

Mercuric  sulphate  forms  several  compounds  with  hydrogen 
chloride.^ 

318  Mercury  Nitride  or  Trimercuric-diamine,  NgHgg. — For 
the  preparation  of  this  compound,  a  solution  of  mercuric  iodide 
or  bromide  in  liquid  ammonia  is  added  to  an  excess  of  potass- 
amide  dissolved  in  the  same  solvent : 

SHglg  4-  6KNH2  =  HggN^  -h  6  KI  -f-  4NH3. 

It  is  a  chocolate-brown  powder,  which  in  the  dry  state  is  very 
explosive.  Aqueous  acids  and  solutions  of  ammonium  salts  in 
liquid  ammonia  readily  dissolve  it.^ 

The  statement  *  that  the  nitride  is  formed  by  the  action  of 
ammonia  on  mercuric  oxide  at  130°  has  not  been  confirmed.^ 

Mercuric  Nitrate,  Hg(N03)2. — This  salt  was  classed  among 
the  vitriols  by  the  alchemists,  and  its  preparation  is  thus 
described  in  the  works  of  Basil  Valentine : 

"  Vitriolum  mercurii  is  easily  made  with  an  aqua  fort  distilled 
from  saltpetre,  and  alum  ana ;  if  it  is  dissolved  in  it,  crystals 
like  a  vitriol  shoot  out ;  these  are  then  ablued  and  purified 
with  spiritus  vini,  which  previously  has  been  rectified  with  sal 
tartari;  thus  it  is  made  into  a  sweet  oil.  This  is  a  noble 
medicine  ad  luem  gallicam,  it  cures  all  sores,  consumptions, 
disuries,  gouts  and  drives  out  many  other  diseases  from  the 
human  body." 

1  Cox,  Zeit.  anorg.  Chem.,  1904,  40,  165.  See  also  Hoitsema,  Zeit.  physikal. 
Ghem.,  1895,  17,  651  ;  Guinchant,  Bull.  80c.  chim.,  1896,  [3],  15,  555. 

2  Baskerville  and  Weil,  J.  Amer.  Chem.  Soc,  1901,  23,  894. 
'■'  Franklin,  Zeit.  anorg.  Chem.,  1905,  46,  1. 

"  Plantamour,  Annalen,  1841,  40,  115. 

^  Hofmann  and  Marburg,  Annalen,  1899,  305,  204. 
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In  order  to  prepare  this  salt,  mercury  is  boiled  with  nitric  acid 
until  a  portion  of  the  liquid  no  longer  gives  a  precipitate  with 
common  salt.  On  evaporating  the  solution  over  sulphuric  acid 
large  crystals  separate  out  having  the  formula  2Hg(N03)2,H20. 
The  same  salt,  which  is  very  deliquescent,  is  obtained  as  a 
crystalline  magma,  by  adding  strong  nitric  acid  to  the  concen- 
trated solution.  The  mother-liquor  from  the  large  crystals  is  a 
thick  liquid  which  possesses  the  power,  first  noticed  by  Libavius, 
of  colouring  the  skin  a  dark-red  tint.  On  evaporating  the 
solution,  a  basic  salt,  2Hg(N03)OH,H20,  separates  out  in  long 
transparent  prisms  which  possess  a  metallic,  but  not  an  acid 
taste. 

When  mercuric  nitrate  is  treated  with  water  at  25°  it  yields 
the  basic  salt,  Hg(N03)2,2HgO,  as  a  heavy,  white  powder, 
which  is  decomposed  by  the  further  action  of  water,  leaving 
mercuric  oxide.^ 

Mercuric  Nitrite,  Hg(N02)2,  is  obtained  by  the  action  of 
mercuric  chloride  on  silver  nitrite  or  by  the  decomposition  of 
mecurous  nitrate  by  water.^ 

Mercuric  Hyponitrite,  HgN202,  is  prepared  by  the  action  of 
sodium  hyponitrite  on  mercuric  nitrite,  and  is  a  light  buff- 
coloured  powder.  It  decomposes  spontaneously  into  nitric 
oxide  and  mercurous  hyponitrite,  and  is  the  only  mercuric  salt 
which  decomposes  into  a  mercurous  salt.* 

Mercuric  Phosphide  is  obtained  as  a  black  powder,  together 
with  mercuric  phosphate,  by  heating  mercuric  oxide  and  phos- 
phorus together  in  water.  If  a  current  of  gaseous  hydrogen  phos- 
phide is  passed  over  gently  heated  mercuric  chloride,  an 
orange-yellow  sublimate  of  mercuric  phosphide  is  obtained  which 
decomposes  into  its  elements  on  heating  (H.  Rose).  The  phos- 
phide, HggP^,  is  obtained  in  hexagonal  prisms  when  mercury  is 
heated  with  phosphorus  di-iodide.  It  is  readily  decomposed 
by  heat.* 

Mercuric  Arsenide,  HggAsg,  is  the  final  product  obtained  when 
a  mixture  of  arsine  and  hydrogen  is  passed  into  an  alcoholic 
solution  of  mercuric  chloride.  It  is  a  black  powder  which 
oxidises  in  the  air,  forming  arsenious  oxide  and  mercury.^ 

1  Cox,  Zeit.  anorg.  Chem.,  1904,  40,  159. 

2  Ray,  Jourji.  Chem.  Soc,  1897,  71,  341. 

3  Divers,  Joum.  Chem.  Soc,  1899,  75,  119.  See  also  My,  ibid.,  1907,  91, 
1404;  Ray  anclGanguli,  iMii.,   1399. 

■*  Granger,  Joum.  Chem.  Soc,  1898,  74,  ii.,  474. 

^  Partheiland  Amort,  Arch.  Pharm.,  1899,  237,  121. 
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319  Mercuric  Acetylide,  SCgHg.HjO,  is  best  prepared  by 
passing  acetylene  into  a  solution  of  mercuric  oxide  in  ammonia 
and  ammonium  carbonate.  It  is  a  heavy  white  powder,  which 
explodes  when  rapidly  heated.  When  heated  with  hydrochloric 
acid  a  mixture  of  acetylene  and  acetaldehyde  is  produced.^ 

When  acetylene  is  passed  into  a  solution  of  mercuric  nitrate 
derivatives  of  acetaldehyde  are  formed,  which  are  decomposed  by 
acids  with  formation  of  acetaldehyde,  no  acetylene  being 
liberated.^ 

Mercuric  Carbonates. — Only  basic  mercuric  carbonates  are 
known.  If  a  solution  of  mercuric  nitrate  is  poured  into  an 
excess  of  potassium  carbonate  solution,  a  dark  brown  precipi- 
tate of  EgC03,2HgO  is  formed,  and  if  a  solution  of  potassium 
bicarbonate  is  employed,  an  amorphous  brown  precipitate  of 
HgC03,3HgO  is  formed. 

Mercuric  Cyanide,  Hg(CN)2. — This  compound  was  discovered 
by  Scheele,  who  obtained  it  by  boiling  Prussian  blue  with  mer- 
curic oxide  and  water.  It  is  formed  also  by  dissolving  mercuric 
oxide  in  dilute  hydrocyanic  acid,  or  by  boiling  one  part  of 
potassium  ferrocyanide  with  two  parts  of  mercuric  sulphate  and 
eight  parts  of  water : 

2K,Fe(CN)6 + 7HgS0, = eHgCCN)^ + 4K,S0, + Fe,(SO  J3 + Hg. 
It  may  be  prepared  by  adding  a  solution  of  sodium  cyanide  to 
mercuric  sulphate.^ 

Mercuric  cyanide  dissolves  in  eight  parts  of  cold  water  and 
crystallises  from  the  hot  aqueous  solution  in  white  needles  or 
transparent  tetragonal  prisms  which  are  insoluble  in  absolute 
alcohol.  The  salt  is  only  dissociated  to  a  very  minute  extent 
in  aqueous  solution,  and  hence  its  solution  does  not  yield  all 
the  reactions  characteristic  of  mercuric  ions ;  thus  its  solution 
gives  no  precipitate  with  caustic  soda  or  potassium  iodide.  It  is 
however,  decomposed  by  sulphuretted  hydrogen  and  by  boiling 
with  hydrochloric,  hydrobromic,  hydriodic,  and  dilute  sulphuric 
acids,  hydrocyanic  acid  distilling  over.  It  forms  crystalline 
double  compounds  with  many  other  salts.  In  aqueous  solution, 
it  yields  with  potassium  iodide  the  complex  salt, 
Hg(CN),,HgI„2KCN.* 

1  See  Plimpton  and  Travers,   Joum.    Chem.    Soc,    1894,  65,  264,  where 
references  to  the  earlier  literature  are  to  be  found. 

2  Hofmann,  Ber.,  1898,  31,  2212,  2783.     See  also  Erdmann  and  Kcithner, 
Zeit.  anorg.  Chem.,  1898,  18,  54. 

'  Rupp  and  Goy,  Apoth.  Zeit.,  1908,  23,  374. 
^  Rupp  and  Goy,  Arch.  Pharm.,  1909,  247,  100. 
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When  heated  it  decomposes  into  cyanogen  and  metallic  mercury. 
Its  aqueous  solution  readily  dissolves  mercuric  oxide,  and  on 
evaporating  the  alkaline  solution  thus  obtained,  small  needles  of 
a  basic  cyanide,  Hg(CN)2,HgO,  are  formed.  This  is  known  as 
mercuric  oxycyanide,  and  is  used  as  an  antiseptic.'- 

Mercuric  Cyanate,  Hg(0CN)2,  and  Mercuric  Thiocyanate, 
Hg(SCN)2,  are  white  crystalline  precipitates.  In  order  to  prepare 
the  latter  salt  a  solution  of  ammonium  thiocyanate  is  precipitated 
with  excess  of  corrosive  sublimate  solution.  This  compound  is 
used  for  the  preparation  of  the  so-called  Pharaoh's  serpents. 
The  dried  precipitate  is  rubbed  up  with  gum-water  to  a  thick 
plastic  mass,  and  short  cones  are  formed  of  this  mixture, 
which  are  then  dried.  On  igniting  them  at  the  end  they  burn 
with  a  blue  sulphur-like  flame,  the  ash  being  very  bulky  and 
extending  in  a  serpent-like  form. 

Ammoniacal  Compounds  of  Mercury. 

320  Many  different  series  of  ammoniacal  derivatives  of 
mercury  have  been  described,  but  very  little  is  known  as 
to  their  constitution.  Most  of  the  derivatives  are  insoluble 
in  the  ordinary  solvents  and  cannot  be  volatilised  without 
decomposition,  so  that  their  molecular  weights  cannot  be  deter- 
mined. Rammelsberg^  formulated  all  these  compounds  as 
derived  from  dimercurammonium  salts,  in  which  two  atoms 
of  mercury  replaced  the  four  hydrogen  atoms  of  the  ammonium 
radical.  Many  serious  objections  to  this  view  have  I)een  urged 
by  other  investigators,^  and  it  seems  probable  that  substitution 
products  both  of  ammonia  (aminomercuric  compounds)  and  of 
ammonium  compounds  (mercuriammonium  compounds)  exist, 
as  well  as  compounds  formed  by  the  additive  combination  of 
ammonia  with  mercuric  salts.  No  ammoniacal  mercurous  • 
compounds  appear  to  have  been  obtained.  Thus  the  supposed 
mercurous  ammonium  derivatives  are  mixtures  of  mercuric 
derivatives  and  finely  divided  metallic  mercury,  which  latter 
gives  them  a  black  colour. 

^  See  Holdermann,  Aroh.  Pharm.,  1905,  243,  600;  1906,  244,  133;  Rupp, 
ibid.,  1906,  244,  1. 

2  J.  pr.  Chem.,  1888,  [2],  38,  558.  See  also  Barfoed,  /.  pr.  Chem.,  1889, 
[2],  39,  201 ;  Pesci,  Gazz.,  1891,  21,  569  ;  Zeit.  anorg.  Chem.,  1899,  21,  301. 

'  Hofmann  and  Marburg,  Annalen,  1899,  305,  198;  Zeit.  anorg.  Ghem., 
1900,  23,  126;  Franklin,  J.  Amer.  Chem.  80c. ,  1907,  29,  35. 
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Millon's  Base. — When  mercuric  oxide  is  gently  warmed 
with  pure  dilute  ammonia,  a  pale  yellow  powder  having 
the  composition  HjOgNHgg  is  obtained,  which  deflagrates 
without  explosion  on  rubbing,  or  when  thrown  on  to  hot 
charcoal.  This  compound  is  known  as  Millon's  base  and 
is  variously  formulated  as  (HOHg)2NH2-OH  (Hofmann  and 
Marburg),  or  NHga-OHjaH^O  (Ramraelsberg).  When  exposed 
over  caustic  potash  in  an  atmosphere  of  ammonia  it  loses 
water,  yielding  the  dark  yellow  compound  (OHg2)NH2-OH. 
This  substance  and  Millon's  base  both  yield  salts  when  treated 
with  acids.  When,  however,  the  compound  (OHg2)NH2'OH  is 
heated  at  125°  in  a  current  of  ammonia,  a  second  molecule  of 
water  is  lost,  and  a  non-basic  highly  explosive  dark-brown 
powder  of  the  composition  NHgjOH  is  produced,  which  is  also 
formed  when  ammonia  is  passed  over  dried  yellow  mercuric  oxide 
at  120°,  and  is  known  as  dimercuriammonium  hydroxide.  The 
formation  of  the  anhydrous  oxide,  (NHg2)20,  described  by 
Weyl  1  as  a  product  of  the  dehydration  of  Millon's  base,  has  not 
been  confirmed  (Hofmann  and  Marburg). 

Salts  of  Millon's  Base  are  formed  when  ammonia  is  added  to 
mercuric  salts  of  oxyacids,  and  when  the  base  is  digested  with 
6  per  cent,  aqueous  solutions  of  the  acids.  These  salts  have  as 
a  rule  the  empirical  formula  H20NHg2X',  and,  like  the  base, 
have  been  formulated  in  two  different  ways — as  oxydimercuri- 
ammonium  salts,  (OHg2)NH2"X',  or  as  dimercuriammonium 
salts,  NHg2X',H20.  Anhydrous  salts  of  the  formula  NHggX^ 
have  also  been  prepared  by  the  action  of  liquid  ammonia  or 
potassamide  on  mercuric  bromide  and  iodide,  but  it  is  prob- 
able that  these  substances  are  not  true  derivatives  of 
Millon's  base,  but  are  amino-compounds  of  the  constitution 
Hg:N'HgX  (Franklin  ^).  Compounds  of  the  same  composition 
have  been  described  by  Fran5ois  *  and  by  Pesci  *  as  formed 
by  the  action  of  aqueous  ammonia  on  mercuric  iodide  and 
bromide. 

The  Chloride  of  Millon's  Base,  (ORg^)^R^-C\,  or  NHg2Cl,H20, 
is  formed  by  the  action  of  hydrochloric  acid  on  Millon's  base,  and 
may  be  prepared  by  digesting  infusible  white  precipitate  with  a 
large  amount  of  water  at  60-70°.  It  forms  a  yellowish  powder, 
which  is  stable  in  an   atmosphere   of  ammonia  at  125°,  but 

1  Pogg.  Ann.,  1864,  121,  601.  '  Zeil.  aiiorg.  Chem.,  1905,  46,  1. 

'  Compt.  rend.,  1900,  130,  3.S2,  1022. 

*  Compare,  however,  Hofmann  and  Marburg,  Annalen,  1899,  305,  191. 
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decomposes  at  180°  with  separation  of  mercury  (Hofmann  and 
Marburg). 

The  Iodide  of  Milton's  Base,  (OHg2)NH2"I,  which  is  frequently 
described  as  oxydimercuriammonium  iodide,  is  formed  by  the 
action  of  an  excess  of  ammonia  on  mercuric  iodide,  and  also 
when  ammonia  is  passed  at  a  temperature  of  180°  over  the 
basic  oxy-iodide  of  mercury,  HglgjSHgO. 

The  same  compound  is  easily  obtained  by  adding  ammonia  to 
a  solution  of  mercuric  potassium  iodide,  containing  an  excess  of 
potash,  and  hence  this  liquid,  known  as  Nessler's  solution  (Vol.  I., 
p.  330),  is  employed  as  a  very  delicate  reagent  for  the  detection 
of  ammonia.  It  is  a  brown  powder  which  often  exhibits  a 
reddish-purple  colour,  and,  on  heating  in  absence  of  air,  fuses  to 
a  brown  liquid,  whilst  when  more  strongly  heated,  it  decomposes 
with  emission  of  light,  into  water,  mercuric  iodide,  ammonia, 
and  nitrogen. 

InfusiUe  White  Precipitate,  which  appears  to  have  been  first 
prepared  by  Lemery,  is  formed  when  a  solution  of  mercuric 
chloride  is  precipitated  by  ammonia,  and  has  the  empirical 
formula  NHgHgCl.  It  is  formed  also  by  the  action  of 
liquid  ammonia  and  of  potassamide  on  mercuric  chloride 
(I'ranklin).  It  is  a  bulky  white  powder  having  an  earthy  metallic 
taste,  and  is  insoluble  in  water,  but  on  long-continued  washing 
or  on  treatment  with  caustic  potash  it  becomes  yellow,  owing  to 
partial  decomposition  with  formation  of  the  yellowish-coloured 
chloride  of  Millon's  base.  It  decomposes  below  a  red  heat 
without  fusion,  forming  calomel,  ammonia,  and  nitrogen : 

GNHaHgCl  =  SUgfil^  +  'N^  +  4NH3, 

and  on  warming  with  ammonium  chloride  yields  the  fusible 
white  precipitate  described  below.  If  it  is  mixed  with  iodine 
and  alcohol  is  poured  on  to  it,  mercuric  iodide  is  first  formed  and 
then  a  violent  explosion  occurs.  This  mixture  also  deflagrates 
in  the  dry  state  after  some  time. 

The  constitution  of  this  substance  has  given  rise  to  much  dis- 
cussion. Kammelsberg  and  Pesci  regard  it  as  a  double  salt  of 
dimercuriammonium  chloride  and  ammonium  chloride,  NHggCl, 
NH^Cl,  whereas  Hofmann  and  Marburg,  and  Franklin  assign  to 
it  only  half  this  molecular  weight,  formulating  it  as  NHg'HgOl, 
or  aminomercuric  chloride.  The  latter  view  is  supported  by  the 
existence  of  an  analogous  compound  derived  from  ethylamine, 
NH2C2H5,  which  has  the  formula  NHCaH^HgCl,  and  resembles 
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infusible  white  precipitate  in  properties,  although  ethylamine 
is  incapable  of  yielding  a  compound  corresponding  with 
Rammelsberg's  formula. 

Fusible  White  Precipitate. — This  compound  was  first  prepared 
by  Raymond  LuUy,  by  precipitating  mercuric  nitrate  with  sal- 
ammoniac  and  salt  of  tartar.  He  was  acquainted  with  its 
property  of  fusing  when  heated.  At  a  later  time  this  body  was 
confounded  not  only  with  the  foregoing  compound,  prepared 
first  by  Lemery,  but  also  with  calomel  prepared  by  the  wet 
process.  Kunkel,  although  he  gave  both  to  this  last  prepara- 
tion and  to  fusible  white  precipitate  the  name  of  lac  mercurii, 
was  aware  of  their  difference.  He  says,  "  Whether  these  two 
have  the  same  effect  in  medicine,  I  leave  to  the  physicians  and 
surgeons ;  in  examine  chymico  they  are  very  different."  Wohler, 
in  1838,  pointed  out  the  difference  between  the  fusible  and 
infusible  precipitate. 

Fusible  white  precipitate  is  obtained  either  by  adding  a 
solution  of  corrosive  sublimate  to  a  boiling  aqueous  mixture  of 
sal-ammoniac  and  ammonia  as  long  as  the  precipitate  which  is 
formed  dissolves,  or  by  boiling  the  infusible  white  precipitate 
with  a  solution  of  sal-ammoniac.  Small  regular  dodecahedra 
or  crystalline  crusts  are  deposited  on  cooling.  The  compound 
fuses  on  heating,  losing  nitrogen  and  ammonia,  whilst  a  mixture 
of  calomel,  corrosive  sublimate,  and  sal-ammoniac  sublimes. 

It  has  the  empirical  formula  NgHgHgClg,  and  has  been  formu- 
lated as  the  double  salt,  NHg2Cl,3NH^CI,  or  as  the  additive 
compound,  Hg(NH3)2Cl2.  As  in  the  case  of  the  infusible  white 
precipitate  an  analogous  derivative  of  ethylamine  is  known,  a 
fact  which  is  in  favour  of  the  latter  formula. 

Mercurijphosphonium  compounds  analogous  to  the  above 
mercuriammonium  salts  have  also  been  prepared. 

Therapeutic  Uses  of  Mercury  and  its  Compounds. 

321  The  poisonous  effects  of  mercury  were  known  to 
Dioscorides  and  Pliny,  and  it  appears  that  even  in  those  days 
mercurial  preparations  were  employed  as  medicines.  From  that 
period  up  to  the  fifteenth  century,  mercury  was  but  sparingly 
used  in  medicine,  and  then  for  external  purposes  only.  Even  in 
the  fifteenth  century,  the  outward  use  of  mercurial  compounds 
was  discountenanced  by  the  then  prevailing  schools  of  medicine, 
and  at  the  beginning  of  the  sixteenth  century  the  few  physicians 
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who  had  dared  to  employ  mercurial  ointment  were  vigorously 
assailed.  The  employment  of  mercurial  preparations  was,  how- 
ever, soon  afterwards  introduced  by  Paracelsus,  and  by  degrees 
became  common. 

Metallic  mercury  rarely  leads  to  toxic  phenomena  when  taken 
internally.  Large  quantities  (several  pounds)  used  to  be  given 
to  overcome  intestinal  obstruction,  and  when  the  mere  weight 
of  the  liquid  metal  was  sufficient  to  remove  the  obstruction 
mechanically,  the  mercury  passed  through  the  intestines  rapidly 
and  was  excreted  without  any  absorption.  In  small  quantities, 
especially  if  it  be  in  a  state  of  fine  division,  mercury  is  rapidly 
absorbed,  and  exercises  medicinal  or  toxic  effects  according  to 
the  quantity  employed.  Metallic  mercury  can  be  absorbed 
through  the  unbroken  skin,  and  may  lead  to  local  disturbances 
(dermatitis)  and  to  general  toxic  symptoms,  and  mercury  vapour 
is  frequently  the  cause  of  severe  forms  of  poisoning. 

The  salts  of  mercury  are  poisonous.  In  some  respects,  the 
poisonous  action  of  mercury  compounds  resembles  that  of  salts 
of  other  heavy  metals,  but  a  special  action  on  the  animal  economy 
lends  an  important  therapeutic  value  to  these  salts.  In  general, 
mercury  is  employed  therapeutically  both  for  local  and  general 
inflammations,  the  disease  for  which  it  is  most  valuable  being 
syphilis. 

Calomel,  HgjClj,  corrosive  sublimate,  HgClg,  and  mercuric 
iodide,  Hglj,  are  most  commonly  used.  In  the  intestines, 
small  quantities  of  calomel  may  be  completely  absorbed  and  give 
rise  to  poisonous  symptoms  while  larger  quantities,  acting  as  a 
purgative,  are  less  dangerous;  as  a  rale,  from  0'032  to  032 
gram  is  the  dose  used  in  medicine.  It  is  supposed  that  calomel 
is  acted  upon  by  the  sodium  chloride  present  in  the  body, 
forming  mercuric  chloride  and  metallic  mercury,  while  some 
authors  believe  that  oxychlorides  are  also  formed. 

Corrosive  sublimate,  when  in  concentrated  solution,  acts  as  a 
powerful  caustic.  In  small  doses,  it  produces  severe  toxic 
symptoms,  and  only  in  very  small  quantities  is  it  tolerated 
therapeutically.  Even  Ol  gram,  when  rapidly  absorbed,  is  a 
fatal  dose.     The  iodide  acts  similarly. 

When  small  quantities  of  mercury  are  absorbed  daily  for  a  pro- 
longed period,  a  complex  of  symptoms,  known  as  mercurialism, 
appears.  These  include  salivation,  ulceration  of  the  mucus 
membranes  of  the  mouth,  tremors,  nervous  symptoms,  headache, 
anaemia  and  wasting. 
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Chronic  mercurial  poisoning  is  met  with  in  those  who  habitu- 
ally work  with  the  metal,  namely,  miners  in  quicksilver  mines, 
persons  engaged  in  extracting  gold  by  the  amalgamation  process, 
and  those  engaged  in  making  mirrors,  thermometers,  baro- 
meters, &c. 


Detection  and  Estimation  of  Mercury. 

322  Bunsen's  flame-reaction  may  be  conveniently  employed 
in  order  to  detect  the  presence  of  mercury  in  a  solid  body. 
For  this  purpose  the  substance  is  mixed  with  a  small  quantity 
of  anhydrous  sodium  carbonate  and  nitre,  and  the  mixture  is 
heated  in  a  tube  held  in  the  flame  by  means  of  a  platinum  wire 
wound  round  it,  the  mouth  of  the  tube  being  placed  directly 
under  a  small  porcelain  basin  filled  with  cold  water.  The 
mercury  is  then  volatilised,  and  condenses  on  the  cool  lower 
surface  of  the  porcelain  basin  in  the  form  of  a  grey  film. 
This  is  wiped  off  with  a  small  piece  of  filter  paper,  when  the 
minute  globules  of  liquid  metal  are  rubbed  together  and  a 
larger  globule  is  obtained.  If  a  large  quantity  of  mercury  be 
present,  globules  are  at  once  formed  on  the  cold  basin. 

A  similar  film  can  be  more  simply  obtained  by  heating  the 
compound  on  a  piece  of  asbestos  in  the  reducing  zone  of  the 
flame  beneath  a  porcelain  basin.  The  metal  may  also  be 
detected  by  heating  the  compound  in  a  bulb  tube  with  sodium 
carbonate  and  potassium  cyanide,  the  mercury  being  deposited 
on  the  cool  part  of  the  tube. 

When  a  liquid  has  to  be  tested  for  mercury,  it  is  in  the 
first  place  acidified  with  hydrochloric  acid.  If  this  produces 
a  white  precipitate  a  mercurous  salt  may  be  present  together 
with  silver,  lead,  and  thallium.  The  last  two  metals  may  be 
removed  by  boiling  the  precipitate  with  water.  The  residue 
is  then  treated  with  ammonia,  in  which  the  chloride  of  silver 
is  soluble.  If  a  black  powder  remains  mercury  is  present,  and 
its  presence  can  be  confirmed  by  the  fiame  reaction  just  des- 
cribed. The  filtrate  from  the  first  precipitate,  or  the  solution 
in  which  the  hydrochloric  acid  gives  no  precipitate,  is  saturated 
with  a  current  of  sulphuretted  hydrogen  gas.  If  mercury  is 
present,  a  white  precipitate  will  first  be  formed,  but  this  rapidly 
changes  colour,  becoming  yellow,  brownish-red,  and  finally 
black.  In  order  to  separate  mercury  from  the  other  sulphides 
which  may  be  present,  the  precipitate  is  first  washed  with  hot 
vol.  II  z  z 


706  MERCURY 


water,  then  warmed  with  sulphide  of  ammonium,  again  washed 
with  water,  and  the  residue  treated  with  hot  dilute  nitric 
acid.  If  a  heavy  black  powder  remains  undissolved,  this  is 
treated  with  aqua  regia,  the  solution  concentrated,  and  stannous 
chloride  added  to  this  solution,  when  calomel  is  precipitated; 
if  an  excess  of  the  precipitant  is  added,  finely  divided  metallic 
mercury  is  deposited  as  a  black  powder,  which  on  boiling 
with  hydrochloric  acid  unites  to  form  distinct  globules.  The 
following  equations  represent  the  decomposition  : 

{a)  2HgCl2  +  SnCl2  =  Hg2Cl2  +  SnCl„ 
(b)  Hg2C]2  +  SnCl2  =  2Hg  +  SnCl,. 

The  spark  spectrum  of  mercury  contains  a  large  number  of 
lines,  and  has  been  carefully  mapped  by  Huggins,  and  Hartley 
and  Adeney.i 

Mercury  is  best  estimated  quantitatively  by  precipitating 
the  solution  with  sulphuretted  hydrogen.  The  sulphide  thus 
precipitated  frequently  contains  free  sulphur,  and  it  is  therefore 
warmed  with  hydrochloric  acid,  nitric  acid  being  added  drop  by 
drop  until  the  sulphur,  which  separates  out,  has  become  yellow. 
Then  the  solution  is  diluted  with  water,  nearly  neutralised  with 
caustic  soda,  excess  of  potassium  cyanide  added,  and  the  sulphide 
again  thrown  down  with  sulphuretted  hydrogen ;  the  precipi- 
tate thus  obtained  is  quickly  washed  with  cold  water,  dried 
at  100°  and  weighed.  The  sulphur  may  also  be  removed  by 
washing  the  precipitate  with  alcohol  to  remove  water,  and  then 
with  carbon  disulphide.  Mercury  is  also  sometimes  estimated 
in  the  form  of  mercurous  chloride,  or  as  the  free  metal  obtained 
by  distillation  with  lime  or  iron,  or  by  electrolysis  of  a  solution 
of  the  cyanide  in  potassium  cyanide,  or  better  by  the  electro- 
lysis of  acid  solutions  with  a  mercury  cathode. 

Atomic  Weight  of  Mercury. — The  atomic  weight  of  mercury 
was  determined  by  Turner,^  and  by  Erdmann  and  Marchaad,^ 
by  the  analysis  of  mercuric  oxide,  and  also  by  the  latter  in- 
vestigators by  the  analysis  of  the  sulphide.  Millon*and  Svan- 
berg  ^  estimated  the  quantity  of  mercury  formed  by  heating  the 
chloride  with  lime  in  a  current  of  hydrogen.  Hardin "  compared 
the  weights  of  silver  and  mercury  deposited  by  the  same  current, 

>  See  Watts,  Index  of  Spectra,  p.  105  (Haywood,  Manchester,  1880). 
■'  Annalen,  1835,  13,  14.  ^  /.  pr.  Chem.,  1844,  31,  385. 

''  Compi.  rend.,  1845,  20,  1291.  =  Jahresb.,  1847-8,  445. 

*■  /.  Amer.  Chem.  Soc,  1896,  18,  990. 
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and  also  effected  the  electrolytic  analysis  of  mercuric  chloride, 
bromide,  and  cyanide,  arriving  finally  at  the  value  19993. 

Easley  obtained  a  higher  figure  (200'48)  by  reducing  mercuric 
chloride  by  means  of  hydrogen  peroxide  and  partly  by  electro - 
deposition.  At  the  same  time  from  the  ratio  HgClj :  2AgCl,  he 
obtained  the  figure  20062.1  Later  he  obtained  the  value 200'63 
by  the  analysis  of  the  chloride,^  and  by  the  analysis  of  the 
bromide,  200'64.^  The  value  at  present  (1913)  accepted  is 
200-6. 

1  /.  Amer.  Chem.  Soc,  1909,  31,  1207.  '^  Ibid.,  1910,  32,  1117. 

*  Easley  and  Brauii,  J.  Amer.  Chem.  Soc,  1912,  34,  137. 
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GROUP  III. 

Siib-Group  («) — Boron  and  the  Rare  Earth  Metals. 

Boron. 

Scandium. 

Yttrium. 

Lanthanum. 

Sub-Group  (b) — The  Aluminium  Group  of  Metals. 

Aluminium. 

Gallium. 

Indium. 

Thallium. 

323  These  elements  all  form  oxides  of  the  formula  RjOj,  and 
unite  with  the  halogens  to  form  compounds  of  the  type  EXj 
or  RgXg. 

Boron  hydroxide  behaves  as  an  acid  to  most  bases,  and  acts 
as  a  base  only  towards  the  strongest  acids,  but  the  basic 
character  of  the  oxides  becomes  more  marked  in  this  group  as 
the  atomic  weight  increases.  The  oxides  of  the  metals  of  sub- 
group (a)  are,  as  in  the  second  group,  more  basic  than  those  of 
sub-group  (6).  Thus  the  latter  form  salts  with  strong  alkalis, 
whereas  the  former  do  not. 

The  element  boron,  being  the  least  electropositive  element  of 
the  group  and  usually  occurring  in  an  anion,  has  already  been 
described  among  the  non-metals  (Vol.  I.,  p.  713).  Since 
the  chemical  relations  of  the  rare  earth  metals  are  so  little 
known  at  present,  the  metals  of  sub-group  (a)  are  described 
along  with  the  other  rare  earth  metals. 
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THE   ALUMINIUM   GROUP. 

324  These  metals  are  permanent  in  the  air  at  ordinary  tem- 
peratures, but  become  oxidised  when  strongly  heated  in  air  or 
oxygen.  The  volatility  of  the  metals  increases  with  the  atomic 
weight,  and  the  same  order  is  observed  in  the  ease  of  reduction 
from  the  oxide.  Thus  indium  and  thallium  both  yield  an 
incrustation  of  the  oxide  and  a  metallic  bead,  when  their  com- 
pounds are  reduced  on  charcoal,  whereas  aluminium  compounds 
do  not  give  this  reaction. 

All  these  metals  have  small  atomic  volumes, and  occur  just  after 
the  minima  on  Lothar  Meyer's  diagram  (p.  60).  They  are  all 
malleable  and  fusible,  and  form  typical  hydroxides  which  act  as 
weak  bases,  the  corresponding  salts  being  often  readily  decom- 
posed by  boiling  with  water.  These  hydroxides  also  act  as  weak 
acids  towards  strong  bases.  Thus  the  hydroxide  of  gallium  is 
soluble  both  in  potash  and  ammonia,  and  those  of  aluminium  and 
of  indium  in  potash,  whilst  thallic  hydroxide  is  insoluble  in  alkalis. 

Aluminium,  gallium,  and  indium  form  characteristic  double 
sulphates  of  the  formula  M2SO^,R2(SOJ3,24H20,  known  as 
the  alums,  in  which  M  represents  a  monovalent  metal. 
Similar  compounds  have  not  yet  been  obtained  from  thallium. 
Both  aluminium  and  thallium  yield  organo-metallic  derivatives. 

Special  interest  attaches  to  the  position  of  gallium  in  this 
group,  because  its  properties  and  relations  to  aluminium  and 
indium  show  that  it  is  identical  with  the  "  eka-aluminium  "  of 
MendeleefiF,  the  existence  of  which  was  predicted  bj'tliat  chemist 
four  years  before  the  actual  discovery  of  the  element  by  Lecoq 
de  Boisbaudran  (p.  68). 

In  addition  to  compounds  of  the  tyjie  RX3,  lower  chlorides  of 
indium  and  gallium  are  also  known,  whilst  thallium  forms  a 
whole  series  of  salts  in  which  it  acts  as  a  monovalent  metal. 
These  salts  are  more  stable  than  those  which  correspond  in  type 
to  the  aluminium  salts  and  bear  a  remarkable  chemical  resem- 
blance to  the  salts  of  the  alkali  metals,  with  which  they  are  in 
many  cases  isoraorphous.  Physically,  the  metal  thallium  closely 
resembles  lead,  which  occupies  the  corresponding  place  in 
Group  IV,  and  its  compounds  with  the  halogens  (except 
fluorine)  and  sulphur  are  very  similar  in  properties  to  the 
corresponding  lead  compounds.     In  consequence  of  this  remark- 
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able  behaviour,  Dumas,  on  the  occasion  of  the  discussion  of 
Lamy's  investigation  in  the  French  Academy,  termed  it  the 
ornithorhynchus  amongst  the  metals. 


ALUMINIUM.      .Al  =  27i. 

325  The  name  of  this  metal  is  derived  from  alumen,  alum. 
This,  as  well  as  the  corresponding  Greek  word  {<TTviTTqpia),  was 
originally  used  to  designate  very  different  bodies,  all  of  which 
possessed  the  common  property  of  an  astringent  taste.  There  can, 
however,  be  little  doubt  that  alum  itself  was  included  amongst 
these  bodies,  and  this  salt  was  well  known  to  the  Latin  Geber 
and  the  later  alchemists,  being,  however,  classed  amongst  the 
vitriols,  until  Paracelsus  showed  that  it  differed  from  this  last 
family  of  salts.  In  his  second  treatise,  Dc  Generihcs  Salium,  he 
states:  "Alum  is  in  no  wise  connected  with  the  metals,  but  is  a 
salt,  standing  alone  in  the  acid,  and  taking  its  corpus  from  the 
intermixture  of  the  earths ;  vitriol  does  not  do  so,  but  solely 
from  the  intermixture  of  metallic  corpora."  The  nature  of  the 
earth,  which  is  combined  in  alum  with  sulphuric  acid,  remained 
long  undetermined.  It  was  usually  supposed  to  be  a  calcareous 
earth,  although  it  was  noticed  in  the  seveijteenth  century  that 
clay,  when  treated  with  sulphuric  acid,  gave  an  alum :  and 
hence  Pott,  in  his  Lithognosy,  published  in  1746,  stated  that  the 
basis  of  alum  was  an  argillaceous  earth.  It  was  not  till  1754 
that  Marggraf  showed  that  alumina  differed  totally  in  its  pro- 
perties from  lime,  and  that  clay  contained  this  earth,  combined 
with  silica. 

Davy,  as  well  as  other  chemists,  endeavoured  to  decompose 
alumina  into  its  elements,  as  it  was  generally  acknowledged 
to  be  an  oxide.  The  results  they  obtained  were,  however,  but 
unsatisfactory,  and  Wohler,  in  1827,  was  the  first  to  prepare 
pure  aluminium. 

Of  all  the  elements,  with  the  exceptions  of  oxygen  and  silicon, 
aluminium  is  the  most  widely  distributed,  and  contained  in  the 
largest  quantity  in  the  solid  crust  of  the  earth.  It  occurs  as  the 
oxide,  AljOg,  in  the  mineral  corundum,  of  which  the  ruby  and 
sapphire  are  varieties.  It  is  found  more  commonly  as  diaspora, 
AI2O4H2,  and  bauxite,  a  hydrated  aluminium  oxide  in  which 
varying  portions  of  aluminium  are  replaced  by  iron,  whilst  it 
occurs  in  far  larger  quantity  in  combination  with  silica,  forming 
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a  great  variety  of  double  silicates,  amongst  which  potash-felspar 
or  orthoclase,  (K;Na)AlSig08,  may  be  mentioned  as  being  most 
important,  as  this  forms  the  chief  constituent  of  granite,  gneiss, 
syenite,  porphyry,  trachyte,  &c.  Soda-felspar  or  albite,  and 
lime-felspar  or  labiadorite,  also  occur  in  large  quantities. 
Amongst  other  important  double  silicates  we  find  the  garnet 
group.  The  several  members  of  this  group  are  named  from  the 
different  isomorphous  metals  which  they  contain  ;  thus,  for  in- 
stance, we  have  lime-alumina  garnet  or  grossular,  CagAl2(Si04)g ; 
iron-alumina  garnet,  or  almandine,  (Fe,Mg)3Al2(SiO^)3 ;  lime- 
iron  garnet,  or  andradite,  Ca3Fe2(Si04)3.  The  group  of 
micas  also  contains  a  lai'ge  nuraber  of  important  minerals, 
as  common  mica  or  biotite,  K.2HAl3(Si04)3,(Mg,Fe)g(Si04)3 ; 
and  chlorite  or  ripidolite,  Hg(Fe,Mg)gAl3Si302o,  the  latter 
compounds  forming  the  chief  constituent  of  many  slate 
rocks. 

Aluminium  occurs  also  in  large  quantities  as  cryolite,  a  double 
fluoride  of  aluminium  and  sodium,  Na3AlFg,  the  name  being 
derived  from  the  ice-like  appearance  of  the  mineral,  which  is 
largely  worked  in  Greenland  and  has  served  as  an  industrial 
source  of  the  metal. 

The  weathering  of  felspar  gives  rise  to  porcelain-clay,  china- 
clay,  or  kaolin,  Al2Si207,2H20,  whilst  the  different  varieties  of 
coloured  clays  are  obtained  from  a  similar  disintegration  of 
felspathic  rocks  containing  iron. 

Although  alumina  is  largely  contained  in  all  fertile  soil,  it  is 
found  only  in  small  quantity  in  most  plants."^  Certain  crypto- 
gams, however,  especially  the  species  of  lycopodium,  take  it  up 
largely.  Thus  the  ash  of  L.  Glavatum  contains  up  to  26'65,  and 
that  of  L.  Chamaecyparissus  even  as  much  as  57'26  per  cent,  of 
alumina.^     Aluminium  is  present  also  in  the  solar  atmosphere. 

326  Preparation  of  Meiallir  Aluminmm. — The  process  which 
Wohler  used  for  the  preparation  of  aluminium  is  one  which 
may  be  employed  for  the  preparation  of  all  those  elements 
which  occur  in  nature  combined  with  oxygen,  and  whose  oxides 
are  not  reducible  either  in  the  presence  of  carbon  or  of  hydrogen. 
It  consisted^  in  fusing  together  potassium  and  chloride  of  alu- 
minium in  a  closed  crucible.  The  metal  was  thus  obtained  in  the 
form  of  a  grey  powder,  which,  under  the  burnisher,  exhibited  a 

'  Yoshida,  Journ.  Chem.  Soc,  1887,  51,  748;  Berthelot  and  Andriie,  Compt. 
rend.,  1895,  120,  288  ;  see  also  Smith,  Chem.  News,  190.3,  88,  135. 
2  Aderholdt,  Annalen,  1852,  82,  111.  '  Pogg.  Ann.,  1827,  11,  140. 
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metallic  lustre,  and  when  pressed  in  an  agate  mortar  adhered 
together  in  the  form  of  glittering  particles. 

Wohler  afterwards  improved  his  method,  and,  by  passing  the 
vapour  of  aluminium  chloride  over  potassium,  obtained  the  metal 
in  fused  globules.^  In  the  year  1854  Bunsen  '^  prepared  alumi- 
nium by  electrolysis  of  the  chloride,  and  in  the  same  year 
Deville  commenced  his  first  experiments  on  the  preparation  of 
aluminium  on  a  large  scale.  The  process  he  employed  was  that 
of  Wohler,  potassium  being,  however,  replaced  by  sodium,  and  he 
found  that  instead  of  the  pure  chloride  it  was  preferable  to  use  the 
double  chloride  of  aluminium  and  sodium.  In  the  Paris  Exhibi- 
tion of  1855  the  "  silver  made  from  clay  "  naturally  attracted 
great  attention.  Deville  then,  in  concert  with  other  chemists, 
and  with  the  pecuniary  help  of  Napoleon  III.,  extended  his 
experiments ;  with  their  help  the  process  was  still  further 
improved,  and  alumimium  was  first  prepared  on  the  large  scale 
at  works  near  Alais,  under  the  direction  of  Merle. 

Pure  aluminium  hydroxide  (p.  720)  was  made  into  balls  wilh 
common  salt  and  coal  dust,  and  the  mixture  exposed  at  a  white 
heat  to  a  current  of  chlorine,  by  the  action  of  which  the  volatile 
double  chloride  of  sodium  and  aluminium,  NaCl.AlClg,  was  pro- 
duced. The  latter  was  then  heated  with  metallic  sodium  and  a 
flux,  and  the  aluminium  run  into  moulds. 

Electrolytic  Production  of  Aluminium. — The  above  method 
for  the  preparation  of  the  metal  has  now,  however,  been  entirely 
superseded  by  an  electrolytic  process.  Instead  of  electrolysing 
fused  sodium  aluminium  chloride,  a  fused  mixture  of  cryolite 
and  common  salt  was  substituted  for  the  chloride  by  Bernard 
Bros.,  of  Paris,  who  from  1887  manufactured  the  metal  in  this 
manner.  In  America  the  brothers  Cowles  succeeded  in  pro- 
ducing aluminium  bronze  by  acting  on  alumina  with  carbon  at 
the  temperature  of  the  electric  furnace  in  the  presence  of 
metallic  copper,  but  this  method  has  now  been  replaced  by 
more  modern  electrolytic  processes.  There  are  two  processes 
employed,  which  differ  only  in  detail : — the  Hall  process  used 
in  the  United  States,  and  the  H^roult  process  employed  by  the 
British  Aluminium  Co.  and  in  Europe.  Pure  aluminium  oxide 
is  dissolved  in  a  bath  of  fused  cryolite  and  electrolysed  with 
carbon  anodes.  The  walls  of  the  box  containing  the  electrolyte, 
which  is  of  iron  lined  with  carbon,  act  as  the  cathode.  When 
the  electrolysis  has  proceeded  for  a  short  time  the  molten 
1  AnnaUn,  1836,  17,  44;  1841,  53,  422.  2  Pogg.  Ann.,  1854,  92,  648. 
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aluminium  acts  as  the  cathode.  In  order  to  prevent  loss  of  heat 
by  radiation  and  to  minimise  the  burning  away  of  the  electrodes, 
the  top  of  the  bath  is  covered  with  a  layer  of  charcoal. 
From  time  to  time  the  aluminium  is  tapped  off  and  the 
bath  renewed  by  the  addition  of  fresh  quantities  of  alumina. 
The  cryolite  simply  acts  as  a  solvent  for  the  alumina  and  by 
proper  regulation  of  the  current  takes  no  part  in  the  electrolysis. 
Aluminium  is  deposited  at  the  cathode  and  oxygen  is  liberated 
at  the  anode.  The  anodic  oxygen  unites  with  the  carbon  of 
the  anode,  forming  carbon  monoxide  which  burns  to  dioxide. 
For  every  pound  of  metal  produced,  from  0'5  to  0"7  lb.  of  anode 
is  consumed.  Several  anodes  are  used  in  each  bath  and  these 
take  about  7,000  amperes  at  7  volts.  The  anodes  used  by 
the  British  Aluminium  Co.  are  about  10  inches  square  and 
are  made  from  petroleum  coke. 

When  possible,  as  at  Foyers,  Niagara,  Neuhausen, 
Christianssand,  &c.,  water  power,  as  being  cheaper  than  steam 
power,  is  utilised  for  the  production  of  the  necessary  electric 
current.  Alloys  can  also  be  made  directly,  instead  of  the  metal 
itself,  by  carrying  out  the  electrolysis  in  the  presence  of  the 
desired  metal,  which  dissolves  the  aluminium  as  it  is  liberated. 
Manufactured  electrolytically,  aluminium  contains  uniformly 
over  99  per  cent,  of  metal  and  is  very  soft  and  ductile,  the 
chief  impurities  being  iron  and  silicon,  and  occasionally  traces  of 
sodium  and  copper.^  When  made  by  the  sodium  reduction 
process  it  usually  contained  only  97-98  per  cent,  of  metal,  and 
was  more  brittle  and  harder  to  work  in  consequence  of  the 
presence  of  larger  amounts  of  silicon  and  iron ;  small  amounts 
of  sodium,  nitrogen,  and  carbon  were  also  usually  present. 
A  sample  of  commercial  aluminium  manufactured  at  Foyers, 
which  contained  99"75  per  cent,  of  the  metal,  was  found  by 
spectroscopic  examination  to  contain  sodium,  potassium,  calcium, 
copper,  silver,  gallium,  iron,  manganese,  lead,  and  traces  of  indium. 
Silver,  copper,  and  gallium  were  also  found  in  the  bauxite  of 
Glenravel  from  which  the  aluminium  was  extracted.^  The 
annual  output  of  aluminium  slowly  increased  between  1859  and 
1 888  from  one  ton  to  three  tons,  but  from  about  the  latter  date 
the  production  rose  very  rapidly,  and  now  reaches  from  50,000 
to  60,000  tons  per  annum,  250,000  to  300,000  h.p.,  with  an 

I  Moissan,  Compt.   rend.,   1895,  121,  794,  851;    1897,   125,  276;  Defacqz, 
Und.,  1897,  125,  1174. 
^  Hartley  and  Ramage,  Journ.  Chem.  Soc,  1897,  71,  547. 
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additional  large  stand-by  power,  being  employed  in  the 
industry. 

Pure  aluminium  was  prepared  by  Mallet  ^  from  a  compound 
of  aluminium  bromide  with  the  chlorides  of  potassium  and 
sodium,  by  heating  with  sodium  in  a  crucible  lined  with  a 
mixture  of  alumina  and  sodium  aluminate.  The  product  was 
quite  free  from  silicon,  iron,  sodium,  and  potassium. 

327  Properties. — Aluminium  is  a  tin-white  metal,  which  is 
capable  of  assuming  a  bright  polish.  The  appearance  of 
objects  made  of  aluminium  is,  however,  improved  by  giving  to 
the  surface  of  the  metal  a  dead  appearance.  This  is  accom- 
plished by  acting  on  the  surface  with  weak  soda-lye,  and  after- 
wards washing  with  dilute  nitric  acid.  Aluminium  is  malleable 
and  can  be  drawn  into  fine  wire  and  hammered  into  very  thin 
leaf  It  can  be  best  worked  at  a  temperature  of  100°  to  150°. 
In  the  compact  state  it  is  very  sonorous,  emitting  a  tone  when 
struck  like  that  of  Hint  glass.  The  cast  metal  has  a  specific 
gravity  of  2'56,  and  is  as  hard  as  silver,  whilst  the  hammered 
metal  has  the  hardness  of  soft  iron,  and  a  specific  gravity  of 
2'67.  The  hardness  is  again  diminished  by  further  heating,  and 
at  600°  the  metal  can  easilj^  be  broken  and  at  a  somewhat 
higher  temperature  can  be  crushed  in  a  mortar.^  It  fuses  at 
654-5°  (Heycock  and  Neville),  657-3°  (Holborn  and  Day).^  In 
order  to  re-melt  the  metal  a  fusing  mixture  of  common  salt  and 
potassium  chloride  must  be  employed,  as  the  presence  of  other 
fiuxes,  such  as  borax,  glass,  &c.,  renders  the  metal  very  impure. 

On  slowly  cooling  it  assumes  a  crystalline  structure,  the 
forms  indicating  that  it  crystallises  in  octahedra.  Its  electrical 
conductivity  is  31-7  times  that  of  mercury,  whilst  its  thermal 
conductivity  is  37-3  per  cent,  of  that  of  silver,  and  is  therefore 
slightly  greater  than  that  of  zinc.  The  specific  heat  of  the 
metal  is  0-214  (Hillebrand),  0-222  (Richards).*  The  tensile 
strength  of  aluminium  in  bars  is  28,000  lbs.  per  square  inch, 
whilst  that  of  a  high  carbon  cast  steel  is  132,000.  Pure  alu- 
minium does  not  oxidise  at  ordinary  temperatures  on  exposure 
to  air,  but  the  impure  metal  soon  becomes  covered  with  a  thin 
coating  of  oxide.     When  heated  in  oxygen  it  oxidises  only  on 

'   Phil.  Trans.,  1880,  171,  1022. 

^  Ciranger,  Bull.  Soc.  chim.,  1902,  (.3),  27,  789. 

^  Ann.  Phys.,  1900,  (4),  2,  505.  See  also  Holman,  Lawrence  and  Barr, 
Phil.  May.,  1896,  (5),  42,  37. 

■*  Ghetn.  News,  1892,  65,  97  ;  see  also  Pionehon,  Comjjt.  rend.,  1892,  115, 
162. 
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the  surface  without  combustion.  If  a  fine  aluminium  wire  be 
wound  round  a  piece  of  charcoal,  the  metal  burns  brightly  with 
the  charcoal  in  oxygen,  and  if  a  piece  of  thin  aluminium  foil  or 
leaf  be  heated  in  a  glass  globe  in  an  atmosphere  of  oxygen,  it 
burns  with  a  sudden  flash  of  intensely  white  light.  Clean 
aluminium  powder,  however,  burns  completely  in  air  if  strongly 
heated  at  one  point,  a  small  amount  of  nitride  being  formed 
along  with  the  oxide.^  Aluminium  foil  or  powder  decomposes 
water  at  100°,  being  slowly  converted  into  the  hydroxide  which 
in  the  former  case  retains  the  form  of  the  foil.  It  is  not 
attacked  at  the  ordinary  temperature  by  water  which  has 
been  boiled,  but  is  acted  on  by  ordinary  water.^  It  precipitates 
the  metals  lead,  silver,  and  zinc  from  alkaline  solutions, 
whilst  neutral  or  acid  solutions  are  not  altered  by  it.  It 
also  precipitates  metallic  copper  from  a  solution  of  copper 
sulphate. 

Hydrochloric  acid  is  the  best  solvent  for  aluminium.  Dilute 
sulphuric  acid,  however,  also  dissolves  it  slowly  with  evolution 
of  hydrogen,  and  concentrated  sulphuric  acid  dissolves  it  on 
heating  with  evolution  of  sulphur  dioxide.  Dilute  nitric  acid 
acts  slowly  on  the  metal  in  the  cold,  ammonium  salts  being 
produced,  but  exerts  a  fairly  vigorous  action  at  the  boiling 
point.  The  action  diminishes  as  the  concentration  of  the  acid 
increases.*  Organic  acids  attack  it  only  slightly,  but  it  dissolves 
in  them  with  ease  if  the  protecting  layer  of  hydrogen  which  is 
produced  is  mechanically  removed.*  Aluminium  is  dissolved 
by  aqueous  alkalis,  including  ammonia,  hydrogen  being 
evolved.  It  is  attacked  also  by  sodium  carbonate,  both  hydrogen 
and  carbon  dioxide  being  evolved  and  sodium  aluminate  pro- 
duced. Sodium  chloride  also  attacks  the  metal  slowly,  its 
action  being  greatly  accelerated  by  the  presence  of  a  weak  acid 
such  as  acetic  acid,  which  dissolves  the  hydroxide  formed 
(Ditte).  The  action  of  such  a  mixture  is,  moreover,  greatly, 
increased  by  exposure  to  the  air.  According  to  Wohler 
aluminium  foil  takes  fire  in  a  current  of  chlorine,  but  according 
to  Bottger  this  is  the   case  only  when  it  is  tied  round  with 

1  Matignon,  Compt.  rend.,  1900,  130,  1391. 

'  Donatti,  Zeit.  anyew.  Ohem.,  1895,  141. 

3  Lunge  and  Schmidt,  Zeit.  angew.  Ghem.,  1892,  7;  Stillman,  /.  Amer. 
Chem.  Soc,  1897,  19,  711;  Woy,  Zeit.  Sffentl.  Chem.,  1903,  9,  158  ;  Watson 
Smith,  /.  Soc.  Ghem.  Lid.,  190i,  23,  475.  Compare  van  Deventer,  Ghemiseh 
Weehblad,  1906,  4,  69. 

*  Ditte,  Compt.  rend.,  1898,  127,  919  ;  1899,  128,  195,  793. 
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brass  wire  to  which  some  Dutch  metal  is  fastened.  At  high 
temperatures  aluminium  also  combines  with  sulphur,  selenium, 
tellurium,  phosphorus,  arsenic,  and  carbon,^  and  it  forms 
characteristic  alloys  with  many  metals. 

Aluminium  also  forms  compounds  with  alcoholic  radicals, 
such  as  aluminium  methide,  A1(CH3)3,  and  ethide,  A1(C2H5)„, 
both  of  which  are  liquids  and  are  spontaneously  inflammable  in 
the  air. 

Aluminium  possesses  so  many  valuable  properties,  such,  for 
instance,  as  its  low  specific  gravity,  fine  lustre,  unalterability  in 
the  air  and  in  sulphuretted  hydrogen,  non-poisonous  qualities, 
and  ease  of  working,  that  a  widespread  application  of  the  metal 
was  made  as  soon  as  the  cheaper  processes  of  manufacture 
lowered  the  price.  Whilst  the  metal  was  sold  previous  to 
1886  at  £3  per  lb.,  it  can  now  be  purchased  for  £80-85  per  ton 
(1913),  and  has  been  as  low  as  £50  per  ton. 

Aluminium  is  largely  used  for  the  production  of  carbon-free 
metals,  especially  manganese  and  chromium,  and  for  the  genera- 
tion of  intense  heat  to  be  used  locally  for  the  welding  of  iron 
and  steel  rails,  &c.  These  processes  have  been  developed  by 
Goldschmidt,'^  whose  patented  "  Thermite  "  consists  of  a  mixture 
of  granulated  aluminium  and  the  oxide  of  another  metal,  in 
equivalent  jDroportions,  the  ignition  of  which  causes  the  reduc- 
tion of  the  metallic  oxide  present,  owing  to  the  strong  affinity 
of  aluminium  for  oxygen  : 

FesOg  -I-  2  Al  =  AI2O3  -I-  2Fe. 

The  reaction  can  only  be  commenced  at  a  high  temperature, 
and  for  this  reason  an  ignition  powder  is  used,  consisting  of  a 
mixture  of  aluminium  with  barium  peroxide ;  this  mixture  can 
be  ignited  by  means  of  a  match,  and  yields  sufficient  heat  to 
commence  the  thermite  reaction. 

The  temperature  resulting  from  the  above  reaction  may  reach 
3,000°  C,  and  hence  the  process  can  be  made  use  of  in  welding 
iron  and  steel  materials,  such  as  tram-rails,  &c.  According  to 
one  method  the  hot  alumina  resulting  from  the  interaction  of  the 
aluminium  and  ferric  oxide  is  poured  round  the  two  portions  of 
metal  to  be  welded,  which  are  clamped  tightly  together  when 
they  have  become  sufficiently  hot;  in  a  second  method  the 
molten  iron  formed  is  itself  allowed  to  flow  around  the  portions 

1  See  Matignoii,  Gompt.  vend.,  1900,  130,  1391. 
'  See  /.  Soc.  Ghent.  Ind.,  1898,  17,  543. 
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of  the  metal  to  be  welded,  the  exceedingly  hot  metal  effecting 
a  junction  of  the  two  surfaces  and  simultaneously  by  its  own 
solidification  mechanically  strengthening  the  joint. 

Aluminium  is  now  largely  used  for  electric  cables,  for  the 
manufacture  of  boiling  pans  for  varnish  and  for  heating  oils  and 
melting  waxes,  for  condenser  tubes  and  also  for  cooking  utensils. 
The  pipes  for  conveying  the  nitrous  fumes  at  the  Atmospheric 
Nitric  Acid  works  at  Nottoden  are  also  made  of  this  metal. 

Aluminium  is  also  employed  as  a  constituent  of  certain 
explosives,  since  it  raises  the  temperature  of  explosion ;  thus 
ammonal  consists  of  72  per  cent,  ammonium  nitrate,  3  per  cent. 
carbon,  and  25  per  cent,  aluminium.^ 

328  Alloys  of  Aluminium. — Copper  forms  alloys  with  alumin- 
ium possessing  the  colour  of  gold  and  very  many  of  these 
are  in  use.^  That  containing  about  10  per  cent,  of  the 
latter  metal  is  iisually  known  as  aluminium  bronze  and  possesses 
the  appearance  of  standard  gold.  For  the  preparation  of  this 
alloy  chemically  pure  copper  must  be  employed,  as  that  which 
contains  iron  yields  an  inferior  product.  The  alloy  is  malleable, 
yields  fine  castings,  takes  a  high  polish,  and  has  a  tensile 
strength  almost  equal  to  that  of  cast  steel.  It  is  now  used  for 
the  manufacture  of  physical  apparatus  as  well  as  of  ornamental 
goods.  Aluminium  can  be  alloyed  with  silver,  yielding  a  hard, 
easily  polished  alloy.  That  containing  4  per  cent,  of  silver  has 
been  employed  for  the  construction  of  beams  for  chemical 
balances,  on  account  of  its  lightness  and  its  unalterability 
in  the  air.  Aluminium  is  also  added  to  steel  during 
casting,  as  it  tends  to  prevent  the  formation  of  blow-holes  on 
solidification,  acting  in  a  similar  manner  to  silicon. 

Gold  and  aluminium  form  a  very  interesting  series  of  alloys. 
Gold  containing  1  per  cent,  of  aluminium  has  a  green  colour  ; 
with  10  per  cent,  it  is  white  and  brittle ;  and  with  22  per  cent, 
deep  purple,  this  latter  alloy  having  a  melting  point  about  20° 
higher  than  that  of  pure  gold.^ 

Aluminium  combines  easily  with  sodium  and  potassium,  and 
the  alloy  containing  only  2  per  cent  of  sodium  decomposes 
water. 

Alloys  of  aluminium   can  be  prepared  in   the  way  already 

1  Bichel,  Zeit.  a-ngew.  Ghem.,  1905,  18,  1889. 

2  Dagger,  J.  80c.  Ghem.  Ind.,  1894,  13,  4. 

3  Roberts- Austen,  Proc.  Roy.  80c. ,  1892,  50,  367.  Compare  Heycook  and 
Neville,  Phil.  Trans.,  1900,  A.,  194,  201, 
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described,  and  in  many  cases  by  adding  the  oxides,  sulphides,  or 
chlorides  of  the  metals  to  molten  aluminium,  which  reduces  the 
added  compound  and  forms  an  alloy  with  its  metal. 

Aluminium  also  combines  with  mercury  when  it  is  moistened 
with  caustic  alkali,  or  when  the  two  metals  are  fused  together 
in  an  indifferent  gas.  The  amalgam  is  very  brittle,  oxidises 
easily  in  the  air,  and  decomposes  water  at  the  ordinary  tem- 
perature. The  amalgam  is  also  formed  when  aluminium  foil  is 
immersed  in  a  solution  of  mercuric  chloride.  It  has  been 
employed  as  a  reducing  agent  ^  for  the  estimation  of  nitrates  in 
water  and  for  the  preparation  of  many  organic  compounds. 

The  following  are  the  most  important  alloj's  of  aluminium 
with  their  technical  names  : 

Gold  Bronze Copper  with  3  to  6%  Al 

Steel      „  Cu  90-5,  Al  8-5,  Si  I'O 

Steel      „  (Brand  P.  B.)      Cu  89-5  Al  8-5,  Si  2-0 

Acid       „  (Brand  C.)  for  cocks.     Cu  90,  Al  10 

Hercules  Metal Cu  61-0,  Al  1-5,  Zn  37-5 

Aluman Brass  with  aluminium. 

Argentan Cu  700,  Ni  23,  Al  7 

Magnalium        Aluminium  and  Magnesium. 

„.  ,P       .   .  fAl  97-7,  Cu  0-4 

Woliraminium  { 

ISn  0-1,  Sb  1-4,  W  0-4. 


COMPOUNDS  OF  ALUMINIUM. 

Aluminium  and  Oxygen. 

329  Aluminium  and  oxygen  form  the  stable  oxide,  AljO^, 
which  corresponds  with  the  aluminium  salts.  There  is  also  some 
evidence  of  the  existence  of  one  or  more  lower  oxides,  formed  by 
the  incomplete  oxidation  of  aluminium  in  the  air,  or  by  the 
reduction  of  alumina  by  metallic  aluminium.^ 

Aluminium  Oxide  or  Alumina,  AlgOg,  is  found  in  nature  as 
the  mineral  corundum,  which  crystallises  in  hexagonal  prisms, 
and  occurs  in  several  varieties.  The  more  or  less  colourless 
crystals,  as  well  as   those  which   are   coloured  brown  by  ferric 

1  Ormandy  and  Cohen,  Journ-  Ohem.  Soc,  1890,  57,  811;  Wislicenus, /. 
pr.  Chem.,  1896,  54,  18. 

2  Pionchon,  Gompt.  rend.,  1893,  117,  328;  Duboin,  ibid.,  1901,  132, 
826;  Kohn-Abrest,  Bull.  Soc.  chim.,  1904,  (3),  31,  232;  Compt.  rend.,  1905, 
141,  323. 
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oxide  and  wliich  are  either  translucent  or  opaque,  are  called 
corundum :  those  which  are  coloured  red  by  chromium  com- 
pounds are  termed  ruby,  whilst  those  which  have  a  blue  tint,  due 
probably  to  cobalt,  chromium,  or  an  oxide  of  titanium,  are  known 
as  sapphires.  The  yellow  crystals  are  termed  oriental  topaz, 
and  the  purple  oriental  amethyst,  whilst  the  green  are  called 
oriental  emeralds.  Coarse  and  granular  corundum  containing 
magnetite  or  htematite  intimately  mixed  with  it,  and  having 
a  grey  or  blackish  colour,  is  termed  emery.  Of  this  mineral 
there  are  many  gradations,  from  the  finely  ground  emery  to 
those  kinds  in  which  the  corundum  is  present  in  distinct 
crystals.  Crystallised  alumina  is  excelled  in  hardness  only  by 
the  diamond  and  silicon  carbide  (carborundum),  and  hence  it 
is  largely  used  for  polishing  and  grinding  the  surfaces  of  glass 
and  metal. 

When  aluminium  hydroxide  or  aluminium  salts  containing 
volatile  oxyacids  are  heated,  alumina  remains  either  as  a 
white  powder  or  in  amorphous  gum-like  masses.  If  this  is  not 
too  strongly  ignited  it  dissolves  in  concentrated  acids,  which, 
however,  do  not  attack  the  crystallised  compound.  When  more 
strongly  ignited,  amorphous  alumina  becomes  denser  and  harder. 
After  ignition  in  the  flame  of  the  spirit  lamp  it  has  a  speciiic 
gravity  of  3'5,  and  when  more  strongly  heated  in  a  porcelain- 
kiln  it  attains  a  specific  gravity  of  3'9.  It  is  then  nearly  as 
hard  as  corundum  but  still  amorphous  (H.  Rose).  Alumina 
melts  at  1,880°  to  a  thin  liquid,  which,  on  cooling,  assumes  a 
crystalline  structure  and  possesses  all  the  properties  of  corundum. 
A  similar  oxide  may  be  obtained  by  the  combustion  of  the 
finely  divided  metal.  If  aluminium  hydroxide  is  moistened 
with  potassium  dichromate  and  the  dried  mass  fused  before  the 
oxy- hydrogen  blow  pipe,  artificial  ruby  is  obtained  (Gaudin),  and 
the  same  material  may  be  prepared  by  heating  to  whiteness  a 
mixture  of  borax  and  amorphous  alumina  containing  a  small 
quantity  of  chromium  sesquioxide  (Ebelmen).  Crystallised 
alumina  is  also  obtained  when  aluminium  fluoride  is  allowed 
to  act  upon  boron  trioxide  at  a  very  high  temperature  (Deville 
and  Caron),  when  aluminium  phosphate  is  fused  with  sodium 
sulphate  (Debray),  and  when  alumina  is  heated  to  dull  redness 
in  hydrochloric  acid  gas  at  a  pressure  of  three  atmospheres.^ 

Fremy  and  Feil  ^  obtained  crystallised  alumina  on  the  large 

'  Hautefeuille  and  Peney,  Gompt.  rend.,  1890,  110,  1038. 
2  Compt.  rend.,  1877,  85,  1029. 
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scale  by  heating  equal  parts  of  alumina  and  lead  oxide  to  a 
bright  red-heat.  The  product  consisted  of  two  distinct  layers :  one 
of  these  was  composed  of  lead  silicate  derived  from  the  action  of 
the  lead  oxide  upon  the  silica  of  the  crucible  ;  the  other  was  a 
vitreous  mass,  and  contained  cavities  filled  with  colourless 
crystals  of  corundum.  By  the  addition  of  from  2  to  3  per  cent,  of 
potassium  dichromate  to  the  materials  crystals  of  ruby  were 
obtained,  whilst  crystals  of  sapphire  were  prepared  by  adding  a 
trace  of  oxide  of  cobalt.  Splendid  crystals  of  rose-red  coloured 
ruby  were  obtained  by  heating  a  mixture  of  equal  parts  of  alu- 
mina and  barium  fluoride  with  from  2  to  3  per  cent,  of  potassium 
dichromate  to  a  veiy  high  temperature  in  a  glass  furnace.  This 
is  explained  by  the  production  of  a  volatile  fluoride  of  aluminium 
which  undergoes  decomposition  in  contact  with  the  gases  of  the 
furnace,  with  evolution  of  hydrofluoric  acid  and  deposition  of 
crystalline  alumina,  the  crystals  being  found  in  the  upper  part 
of  the  crucible.  Similar  rose-red  crystals  are  formed  when 
chlorine  is  passed  over  a  heated  mixture  of  sodium  aluminate 
and  1  per  cent,  of  potassium  dichromate.^ 

In  order  to  dissolve  crystallised  alumina  it  must  either  be 
fused  with  caustic  potash  or  with  acid  potassium  sulphate. 
It  is  also  dissolved  when  heated  in  sealed  tubes  with 
concentrated  sulphuric  acid. 

Hydroxides  of  Alummium. — Several  of  these  occur  in  nature. 
The  most  important  are  hydrargillite  or  gibbsite,  A1(0H)3 ; 
diaspore,  AIO(OH),  both  of  which  are  crystalline;  and  bauxite, 
impure  AlgOg,  which  is  found  as  an  amorphous  mass  of  varying 
composition. 

When  ammonia  is  added  to  a  soluble  salt  of  aluminium  in  the 
cold,  a  gelatinous  precipitate  falls  down,  but  when  it  is  added 
at  the  boiling  point  an  opaque  white  precipitate  is  deposited. 

The  composition  of  the  amorphous  hydroxide  thus  obtained  is 
a  matter  of  some  doubt.  According  to  Ramsay ,2  when  dried  in 
the  air  it  has  the  composition  Al203,.5H20  and  gradually  loses 
water  as  the  temperature  is  raised,  until  at  300°  it  has  approxi- 
mately the  composition  k\0^^fi.  Allen,^  on  the  other  hand, 
considers  that  the  amorphous  hydroxide  is  A1(0H)3  or  AlgOj, 
SHjO  ;  when  it  is  heated  at  100°  or  dried  over  sulphuric  acid  it 
forms  Al203,2H20,  which  is  hygroscopic  and  takes  up  water  again 
from  the  air,  regaining  its  original  composition. 

'  Loyer,  BM.  Soc.  chim.,  1897,  [3],  17,  345. 

2  Joum.  Ghem.  Soc,  1877,  ii.,  395.  a  cr^^g^,  j^ggy^^  jqqq^  82^  75. 
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The  freshly  precipitated  hydroxide  is  easily  soluble  in 
acids,  but  the  naturally  occurring  crystallised  hydroxides  are 
attacked  by  acids  only  after  moderate  heating.  The  ordinary 
hydroxide,  however,  when  preserved  under  water  for  several 
months  becomes  very  difficultly  soluble  in  alkalis  and  acids, 
with  the  exception  of  concentrated  sulphuric  acid,  in 
which  it  dissolves  readily.  This  form  of  hydroxide  has  the 
composition  AlgOg.SH.jO  and  is  termed  by  Tommasi^  the 
S-modification. 

The  amorphous  hydroxide  is  also  readily  soluble  in  caustic 
alkalis,  and  appears  to  form  a  salt  of  the  type  M'A102.  This  salt , 
however,  is  rapidly  hydrolysed  with  formation  of  the  free  alkali 
and  production  of  free  aluminium  hydroxide,  which  at  first  appears 
to  remain  dissolved  in  the  colloidal  form  ^  and  then  separates 
out  gradually  as  a  precipitate  which  is  much  less  soluble,  both 
in  acids  and  alkalis,  than  the  original  hydroxide.  This  precipi- 
tated hydroxide  is  generally  regarded  as  being  identical  with 
the  crystalline  mineral  gibbsite,^  but  according  to  Russ*  it  is  not 
crystalline  and  is  best  known  as  the  /8- modification.  The 
amount  of  precipitate  obtained  depends  on  the  temperature, 
the  concentration  and  the  molecular  ratio  of  soda  and 
alumina  present.  Thus  at  21°,  with  a  solution  containing 
AljOg  :Na20  =  l  :  1'24,  the  maximum  yield  is  obtained  from  a 
solution  of  specific  gravity  1'173  and  amounts  to  86%  of  the 
alumina  present. 

This  reaction  is  utilised  in  the  preparation  of  aluminium 
hydroxide  from  bauxite,  which  is  carried  out  on  a  very  large 
scale  to  provide  material  for  the  manufacture  both  of  metallic 
aluminium  and  of  many  of  the  salts.  The  alumina  is  made  from 
native  bauxite,  which  contains  ferric  oxide,  silica,  and  small 
quantities  of  titanic  oxide.  In  order  to  remove  these  impurities 
the  bauxite  is  roasted  to  oxidise  the  iron  completely  to  the 
ferric  state.  It  is  then  digested  under  pressure  of  about  80  lbs. 
with  caustic  soda.  Sodium  aluminate  is  thus  formed  from 
which  the  impurities  are  filtered  off  after  dilution.  The  solution 
of  sodium  aluminate  is  then  treated  with  some  pure  precipitated 
aluminium  hydroxide,  when  the  bulk  of  the  aluminium  is  pre- 
cipitated as  AlgOg,  which  after  washing  and  drying  is  obtained 

1  Journ.  Ckem.  Soc.  1905,  88,  ii.,  712. 

2  Hantzsch,  Zeil.  anorg.  Chem.,  1902,  30,  29R 

3  Ditte,  Compt.  rend.,  1S93,  116,  183. 

*  Russ,  Zeit.  anorg.  Chem.,  1904,  41,  216. 
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as  a  snow  white  powder.     The  alkali  solution  is  concentrated  and 
employed  again. 

As   the   process   of  obtaining   AlgOg    is    rather    expensive, 


Figs.  175,  176. 


many  attempts  have  been  made  to  manufacture  aluminium 
from  other  aluminium  compounds,  but  hitherto  unsuccessfully. 
Figs.  175  and  176  represent  the  Heroult  furnaces.     The  hydr- 
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oxide  is  also  manufactured  from  cryolite  by  the  process  already 
described  under  the  alkali  manufacture  (p.  303). 

Aluminium  hydroxide  as  usually  obtained  is  only  very  slightly 
soluble  in  aqueous  ammonia,  but  a  form  soluble  in  ammonia  can 
be  prepared  by  the  decomposition  of  certain  aluminates  with 
ammonium  chloride  and  a  large  excess  of  ammonia.  The  hydr- 
oxide readily  dissolves  in  methylamine  and  other  organic  bases.^ 

Aluminium  hydroxide  occurs  also  in  two  soluble  modifications, 
both  of  which  are  colloidal.  One  of  these,  which  when  dried  at 
100°  has  the  composition  Al20(0H)^  =  AI2O3+2H2O,  was  ob- 
tained by  Walter  Crum^  by  preparing  a  solution  of  normal 
aluminium  acetate  by  the  mutual  decomposition  of  lead  acetate 
and  aluminium  sulphate.  This,  on  heating,  decomposes  with 
separation  of  the  basic  acetate,  Al2(C2H302)/OH)2,H20,  which 
becomes  soluble  on  treatment  for  one  and  a  half  hours  with  200 
times  its  weight  of  boiling  water.  If  this  solution  is  allowed  to 
stand  for  ten  days  and  nights  at  the  temperature  of  boiling 
water  in  a  closed  flask,  the  acetic  acid  separates  from  the  alumina. 
After  a  sufficient  quantity  of  water  has  been  added  to  reduce 
the  percentage  of  alumina  to  0'25,  the  liquid  is  heated  in  a  flat 
basin  to  the  boiling  point,  fresh  water  being  constantly  added  to 
replace  that  lost  by  evaporation,  until  all  the  acetic  acid  has 
been  driven  off.  The  solution  then  is  perfectly  neutral  and 
tasteless,  but  becomes  gelatinous  on  evaporation. 

The  second  soluble  hydroxide  of  aluminium  was  obtained  by 
Graham  *  by  dialysis  of  the  basic  chloride  obtained  by  dissolving 
the  hydroxide  in  the  normal  chloride.  The  normal  salt  passes 
through  the  parchment  paper  into  the  water,  and  a  neutral 
tasteless  solution  containing  alumina  remains  in  the  dialyser. 
This  is  very  "unstable,  and  after  some  days  passes  into  a  jelly. 
Both  these  soluble  hydroxides  are  coagulated  on  the  addition  of 
traces  of  a  salt,  an  acid,  or  an  alkali.  Graham's  compound  acts 
as  a  mordant,  uniting  with  colouring  matters  to  form  lakes,  and 
in  the  coagulated  state  is  readily  soluble  in  acids.  Crum's  com- 
pound, on  the  other  hand,  termed  by  Graham  "meta-aluminium 
hydroxide,"  does  not  combine  with  colouring  matter  and  does 
not  dissolve  in  excess  of  acid. 

Precipitated  aluminium  hydroxide  possesses  in  high  degree 

1  Renz,  Ber.,  1903,  36,2751. 
^  Ghem.  Soc.  Quart.  Journ.,  1854,  6,  216. 

'  Phil.   Trans.,  1861,  151,  183.     See  also  Schneider,  Annalen,  1890,  257, 
359 ;  Hantzsch  and  Desch,  Annalen,  1902,  323,  30. 
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the  power  of  withdrawing  from  solution  both  inorganic  salts  and 
organic  bodies.     This  property  is  emplo3'ed  in  dyeing. 

Aluminium  peroxide^  AljOg.AlgO^JOHjO,  is  obtained  by  add- 
ing an  excess  of  30  per  cent,  hydrogen  peroxide  to  aluminium 
hydroxide  dissolved  in  30  per  cent,  solution'  of  potassium  hydr- 
oxide. Probably  the  first  product  of  the  reaction  is  Al^O^, 
which  is  changed  by  hydrolysis. 

Aluminates. — Like  other  weak  bases,  alumina  acts  toward  the 
stronger  bases  as  an  acid-forming  oxide ;  thus  precipitated 
alumina  dissolves  in  solutions  of  the  caustic  alkalis  forming 
definite  salts,  which  can  also  be  prepared  by  the  action  of  the 
alkalis  on  metallic  aluminium.^ 

Potassiimi  Aluviinate,  KAlOj.llHjO,  is  obtained  in  hard 
glistening  crystals  when  alumina  and  potash  are  fused  together 
in  a  silver  basin,  the  solid  residue  dissolved  in  water,  and  the 
solution  evaporated  in  a  vacuum. 

Sodium  Ahiminate,  NaAlOj. — This  substance  has  not  been 
obtained  in  the  crystalline  state.  It  is  prepared  on  the  large 
scale  by  fusing  cryolite  with  lime,  or  bauxite  with  soda  or 
sodium  sulphate  and  carbon,  as  well  as  with  common  salt  in  a 
current  of  steam.  When  the  melted  mass  is  lixiviated  with 
water  and  the  soluti(m  evaporated  to  dryness,  sodium  aluminate 
is  obtained.  As  already  mentioned,  its  aqueous  solution  de- 
composes in  presence  of  aluminium  hydroxide.  This  substance 
is  used  as  a  mordant  in  dyeing  and  calico-printing,  for  the  pre- 
paration of  coloured  lakes  and  of  pure  alumina,  and  for  the 
sizing  of  paper,  &c. 

Calcium  Aluminate,  CaAl^O^,  is  formed  in  colourless  trans- 
parent needles  of  sp.  gr.  3'671  at  20°  when  ignited  alumina  is 
heated  with  lime  in  the  electric  furnace.  It  does  not  belong  to 
the  group  of  the  spinels. 

Magnesmm  Aluminate,  MgAl^O^. — This  substance  occurs  in 
nature  as  spinel.  It  crystallises  in  the  rhombic  syste.n,  and 
is  either  colourless  or  variously  tinted,  and  is  classed  in  various 
species  according  as  either  the  whole  or  a  part  of  the  mag- 
nesium and  aluminium  is  replaced  by  isomorphous  metals. 
Thus  spinel  is  (Mg,Fe)(A.l,Fe).20^  ;  zinc-spinel  or  gahnite  is 
(Zn,Fe,Mg)(Al,Fe),0^,  &c. 

The  naturally  occurring  aluminates  were  artificially  prepared 
by  Ebelmen,  by  fusing  alumina  and  the  coiresponding  oxide 

'  Terni,  Atti  H.  Accad.  Liwei,  1912,  [v.],  21,  ii.,  104. 
'•*  See  Allen  and  Rogers,  Amer.  Chem.  J.,  1900,  24,  304. 
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with  boron  trioxide.  This  latter  substance,  which  served  as 
a  solvent,  was  almost  entirely  volatilised  at  a  very  high  tem- 
perature. In  this  way  colourless  spinel  was  obtained,  and 
this  was  coloured  red  by  chromium,  blue  by  cobalt,  and  black 
by  iron ;  by  a  similar  process  the  aluminates  of  barium, 
glucinum,  iron,  manganese,  &c.,  can  be  prepared.  Deville  and 
Caron  also  obtained  crystals  of  gahniic  and  chrysoberyl  by 
heating  aluminium  fluoride,  together  with  fluoride  of  zinc  or 
glucinum,  in  a  carbon  crucible  which  contained  a  platinum 
basin  filled  with  boron  trioxide. 


Salts  of  Aluminium. 

330  Aluminium  forms  only  one  series  of  salts,  in  which  one 
atom  of  the  metal  replaces  three  atoms  of  hydrogen.  Alumina 
acts  as  a  very  weak  base  and  the  salts,  especially  those  derived 
from  weak  acids,  such  as  acetic  acid,  are  very  readily  decomposed 
by  boiling  their  aqueous  solutions,  a  basic  salt  or  the  hydroxide 
being  formed. 

Many  compounds  of  aluminium  are  isomorphous  with  the 
corresponding  compounds  of  iron,  manganese  and  chromium. 

Aluminium  and  the  Halogens. 

331  Aluminium  Fhwride,  AIF3,  is  best  obtained  by  evaporating 
to  dryness  a  ^lution  of  aluminium  in  hydrofluoric  acid,  and 
subliming  the  residue,  contained  in  a  carbon  tube,  in  a  current 
of  hydrogen.^  It  forms  transparent,  very  obtuse  rhombohedra, 
which  were  formerly  supposed  to  be  cubes.  It  is  permanent  in 
the  air,  insoluble  in  water,  and  unaltered  in  the  presence  of 
acids  and  aqueous  alkalis,  but  it  is  decomposed  by  long-con- 
tinued fusion  with  sodium  carbonate.  Aluminium  dissolves 
readily  in  excess  of  hydrofluoric  acid,  and  from  this  solution  the 
hydrate  2A1F3,'7II20  can  be  obtained  in  two  forms,  one  soluble 
and  the  other  insoluble  in  water.^  The  fluoride  forms  a  series 
of  double  fluorides,  of  which  the  most  important  is  : 

Aluminium  Sodium  Fluoride,  AlF3,3NaF. — This  occurs  as 
the  mineral  cryolite  at  Evigtok,  in  the  Arksutfjord,  on  the  west 
coast  of  Greenland,  where  it  forms  a  bed  80  feet  thick  and 
300  feet  long.     It  was  discovered  in  this  locality  by  Andrada 

1  Brunner,  Pogg.  Ann.,  1856,  98,  488. 

2  Baud,  Compt.  rend.,  1902,  135,  1103. 
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at  the  end  of  the  eighteenth  century.  Its  mineralogical  name  was 
given  to  it  by  him  inasmuch  as  it  had  an  ice-like  appearance. 
The  investigations  of  Albidgaard  showed  that  it  contained 
hydrofluoric  acid,  alumina,  and  an  alkali  metal,  and  Klaproth 
found  the  alkali  to  be  soda.  The  exact  composition  of  cryolite 
was  determined  by  Vauquelin,  Berzelius,  and  Deville,  and  in 
1849-1850  Julius  Thomsen  showed  that  this  mineral  could  be 
decomposed  in  the  dry  way  by  means  of  lime  and  lime  salts 
as  well  as  in  the  wet  way,  and  upon  this  observation  an 
important  Danish  industry  was  founded  (p.  303).  Cryolite  usually 
occurs  in  masses  of  a  snow-white,  reddish,  brownish,  or  bluish 
colour,  which  possess  easy  cleavage ;  it  is  found  more  rarely  in 
triclinic  crystals.  When  acted  upon  with  concentrated  sul- 
phuric acid  it  evolves  hydrofluoric  acid,  and  the  residue  contains 
sodium  sulphate,  which  may  be  dissolved  by  the  action  of  cold 
water,  the  anhydrous  aluminium  sulphate,  which  is  formed  at 
the  same  time,  dissolving  only  in  boiling  water. 

Aluminmm  Chloride,  AICI3,  was  first  prepared  by  Oersted 
by  heating  a  mixture  of  carbon  and  alumina  in  a  current  of 
dry  chlorine.  This  method  was  afterwards  adopted  and  im- 
proved by  Wohler,^  Liebig,^  Bunsen,^  and  Deville.*  On  the 
large  scale  it  is  prepared  in  an  apparatus  similar  to  that  formerly 
used  for  the  production  of  the  double  chloride  of  aluminium  and 
sodium.  It  may  also  be  readily  prepared  in  a  pure  coniiition 
by  heating  aluminium  in  chlorine  or  in  hydrochloric  acid  gas,^ 
the  reaction,  in  the  latter  case,  proceeding  when  once  started 
without  requiring  any  external  heating.^ 

Pure  aluminium  chloride  is  a  white  crystalline  solid.  It 
usually  possesses,  however,  a  yellowish  or  greenish  colour,  due  to 
the  presence  of  ferric  chloride  and  other  impurities.  When 
heated  it  volatilises  slowly  without  fusion,  and  condenses  in 
hexagonal  tablets,  but  if  a  large  quantity  is  quickly  heated  the 
mass  fuses  and  then  boils.  When  heated  in  a  sealed  tube  it 
melts  at  194° ;  the  boiling  point  of  the  liquid  appears  to  be 
somewhat  below  179°.^  The  specific  gravity  of  the  vapour,  ac- 
cording to  the  experiments  of  Nilson  and  Pettersson  (p.  33), 

1  Pogg.  Ann.,  1827,  11,  U6.  2  Pogg.  Ann.,  1830,  18,  43. 

3  Pogg.  Ann.,  1854,  92,  648.  *  Compt.  read.,  1849,  29,  321. 

'  Nilson  and  Pettersson,  Zeil.  physihal.  Ghem.,  1887,  1,  459  ;  Stockhausen 
and  Gattermann,  Ber.,  1892,  25,  3521;  Gustavson,  J.  pr.  Chem.,  1901,  (2), 
63,  110. 

«  Escales,  Ber.,  1897,  30,  1314. 

'  Seubert  and  Pollard,  Ber.,  1891,  24,  2575. 
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corresponds  to  the  formula  AICI3  at  temperatures  above  750.°  ^ 
The  molecular  weight  of  the  chloride  ia  solution  in  pyridine,^ 
as  determined  by  the  boiling  point  method,  also  corresponds 
with  the  formula  AICI3.  Aluminium  chloride  is  hygroscopic, 
absorbing  water  from  the  air  and  emitting  fumes  of  hydro- 
gen chloride.     It  is  also  easily  soluble  in  alcohol  and  ether. 

When  hydrochloric  acid  gas  is  passed  into  a  solution  of 
aluminium  chloride  in  concentrated  hydrochloric  acid,  large 
hexagonal  prisms  having  the  composition  AlClg.GH.jO  separate 
out ;  ^  these  are  obtained  also  by  the  evaporation  of  a  solution 
of  aluminium  chloride  in  water  or  of  aluminium  hydroxide  in 
hydrochloric  acid,  and  on  further  heating  are  easily  decomposed 
into  water,  hydrochloric  acid,  and  residual  alumina. 

Aluminium  chloride  absorbs  dry  ammonia  gas  and  yields  a 
bulky  white  powder  of  the  composition  AlClg.GNHj,  which  loses 
one  molecule  of  ammonia  at  180'',  and  when  heated  in  a  stream 
of  hydrogen  at  450°  yields  a  sublimate  of  the  compound 
AlCl3,NH3.  At  -23°  a  compound,  AlClg.ONHg,  is  produced.* 
The  compound,  AlClj.SNHg,  described  by  Persoz,  appears  not  to 
exist.  Aluminium  chloride  also  combines  with  phosphorus 
pentachloride,  phosphorus  oxychloride,  carbonyl  chloride,  sul- 
phuretted hydrogen,^  sulphur  dioxide,  sulphur  tetrachloride,'^ 
the  chlorides  of  silver,  selenium,  and  tellurium,  as  well  as  with 
other  metallic  chlorides.  It  is  largely  employed  for  the 
synthesis  of  organic  compounds. 

Sodium  Aluminium  Chloride,  AlClg.NaCl. — The  preparation 
of  this  compound  on  the  large  scale  has  already  been  described. 
It  is  obtained  as  a  colourless  crystalline  mass  which  melts  at 
185°  (Bunsen)  and  volatilises  at  a  red-heat.  It  readily  absorbs 
water,  but  in  the  compact  state  it  is  less  hygroscopic  than 
aluminium  chloride,  and  for  this  reason  it  was  used  instead  of 
the  latter  compound  in  the  preparation  of  aluminium. 

Aluminium  Bromide,  AlBrg. — ^When  aluminium  and  bromine 
are  brought  together  they  combine  with  evolution  of  heat,  form- 

1  Zeit.  physilcal.  Chem.,  1887,  1,  459;  1889,  4,  206. 

^  Werner,  Zeit.  anorg.  Chem.,  1897,  15,  1.  Compare  Kohler,  Amer.  Chem. 
J.,  1900,  24,  385. 

^  Dennis,  Zeil.  anorg.  Chem.,  1895,  9,  339. 

*  Baud,  Compt.  rend.,  1901,  132,  134,  690.  Compare  Stillman  and  Yoder, 
Amer.  Chem.  J.,  1895,  17,  748;  and  Persoz,  Ann.  Chim.  Phys.,  1830,  [2],  44, 
319. 

5  Baud,  Compt.  rend.,  1902,  134,  1429;  1905,  140,  1688. 

«  Ruff,  Ber.,  1901,  34,  1749;  1902,  35,  4453.' 
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ing  the  above  compound.  It  is  obtained  by  passing  the  vapour  of 
bromineover  the  metal  ora  heated  mixture  of  alumina  and  carbon. 
It  forms  pale  yellow  rhombohedral  crystals'^  which  melt  at  about 
90°,  boil  at  a  temperature  between  265°  and  270°  and  sublime 
in  crystalline  scales.  The  specific  gravity  of  the  solid  is  254. 
In  other  respects  it  is  analogous  to  the  chloride,  and  forms  the 
hydrate  AlBrg.GHgO,  which  is  obtained  also  by  dissolving  alu- 
minium hydroxide  in  hydrobromic  acid  and  carefully  evaporating 
the  solution.  The  molecular  weight  as  determined  by  the  boil- 
ing point  and  freezing  point  methods  with^  a  solution  of  the 
bromide  in  bromine,^  and  by  the  boiling  point  method  with  a 
solution  in  carbon  disulphide,^  corresponds  with  the  formula 
AlgBrg.  The  bromide  forms  a  conducting  solution  in  ethyl 
bromide,  from  which  aluminium  may  be  deposited  by  electrolysis.* 
Ahiminium  Iodide,  Allg,  is  formed  when  the  metal  and 
iodine  are  heated  together  in  closed  tubes,  or  brought  together 
in  presence  of  carbon  disulphide.  It  is  deposited  in  colourless 
crystals  which  melt  at  185'  (Weber)  and  boil  at  a  temperature 
of  360°.  Its  specific  gravity  is  2'63.  The  vapour  is  combustible, 
giving  rise  to  an  explosive  mixture  when  diluted  with  air.  It  is 
soluble  in  water,  alcohol,  and  carbon  disulphide,  and  forms  a 
crystalline  hydrate,  AlIg.eHgO.  Aluminium  iodide  has  been 
employed  for  the  purpose  of  converting  organic  chlorine  com- 
pounds into  iodides.  Thus  carbon  tetrachloride  yields  the 
corresponding  tetraiodide  when  heated  with  aluminium  iodide 
(Gustavson)  : 

4AII3  +  30C1 ,  =  4A1CL  +  3CL. 


Aluminium  and  the  Elements  of  the  Sulphur  Group. 

332  Ahhminium  Sulphide,  AlgSg. — Aluminium  combines  with 
sulphur  at  a  red-heat  to  produce  this  compound,^  which  is  a  yellow 
mass.  It  is  also  formed  when  sulphur  is  added  to  a  strongly 
heated  mixture  of  alumina  and  charcoal,''  when  the  vapour  of 
carbon  disulphide  is  passed  over  strongly  heated  alumina  and, 

'  Patten,  /.  PhysicM  Chem.,  1904,  8,  548. 
2  Beckmann,  Zdt.  anory.  Chem.,  1906,  51,  96 
■*  Kohler,  Amer.  Chan.  J.,  1900,  24,  385. 

^  Poltnikofif,  /.  Russ.  Phys   Chem.  Soc.,  1902,  34,  466;  Patten,  /.  Physical 
Chem.,  1904,  8,  548. 

'  Knapp  and  Ebell,  Biugl.  Polyt.  Journ.,  1878,  229,  69,  173. 
^  Bucherer,  Zeit.  angew.  Chan.,  1892,  483. 
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along  with  oxysulphide,  when  sulphuretted  hydrogen  is  passed 
over  heated  alumina.'-  It  becomes  crystalline  when  heated  in 
the  electric  furnace.^ 

It  is  decomposed  by  water  with  formation  of  sulphuretted 
hydrogen  and  aluminium  hydroxide.  The  selenuie  ^  and  tdhiride  * 
are  also  formed  by  direct  union  of  the  elements. 

Aluminmiii  Sulphate,  Al2(SO^)3,  is  obtained  by  dissolving 
the  hydroxide  in  dilute  sulphuric  acid.  It  crystallises  with 
difficulty,  forming  pearly  six-sided  monoclinic  tablets  containing 
ISHgO.  It  possesses  a  sweet  astringent  taste,  and  dissolves  in 
two  parts  of  cold  water,  scarcely  at  all  in  alcohol  (Berzelius), 
and  readily  in  glycol.  This  hydrated  salt  is  found  as  the 
mineral  keramohalite  in  the  neighbourhood  of  active  volcanoes, 
and  in  alum  shale.  It  melts  on  heating  in  its  water  of  crystallis- 
ation, and  then  swells  up,  the  anhydrous  compound  being  left 
behind  as  a  porous  mass,  dissolving  only  slowly  again  in  water. 
At  a  red-heat  it  is  decomposed,  leaving  a  residue  of  pure 
alumina.  The  concentated  solution  of  this  salt  is  a  useful  reagent 
for  potassium  salts,  as  potassium  alum,  Al2K2(S04)^,24H20, 
is  precipitated  as  a  crystalline  powder,  which  is  almost 
completely  insoluble  in  an  excess  of  aluminium  sulphate.^  A 
hydrate  with  9H.^0  is  precipitated  from  aqueous  solutions  of 
the  sulphate  by  alcohol,  and  a  hydrate  with  6H2O  is  formed 
when  Al2(SOj3,18H20,  is  heated  with  concentrated  sulphuric 
acid.^ 

Aluminium  sulphate  is  prepared  on  the  large  scale,  and  is 
known  in  commerce  under  the  name  of  concentrated  alum 
or  sulphate  of  alumina.  For  this  preparation  china  clay,  as 
free  as  possible  from  iron,  is  employed.  This  is  roasted  in  a 
reverberatory  furnace,  by  which  any  iron  which  may  be 
present  is  rendered  insoluble,  whilst  the  aluminium  silicate 
becomes  more  soluble  in  sulphuric  acid.  It  is  then  heated  in 
leaden  boilers  with  sulphuric  acid  of  specific  gravity  1'45,  and  the 
solution  is  allowed  to  deposit  the  silica  and  any  undecomposed 
alumina.  The  clear  liquid  is  then  evaporated  down  until  a  small 
portion  on  cooling  is  found  to  solidify.  After  cooling,  the  soft 
mass  is  cut  into  square  blocks  and  thus  brought  into  the 
market.     This  material  is  employed  by  the  dyer  as  a  mordant, 

1  Gautier,  Compt.  rend.,  1906,  143,  7. 

2  Mourlot,  Compt.  rend.,  1896,  123,  54. 

3  Fonzea-Diacon,  Compt.  rend.,  1900,  130,  1314. 

^  Whitehead,  /.  Amer.  Chem.  80c.,  1895,  17,  849. 

"  Wurtz,  Diet,  l,  174.  8  Schmatolla,  Zeit.  angew.  Chem.,  1903,  16,  202. 
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and  also  for  the  purpose  of  weighting  paper  and  for  the  treat- 
ment of  sewage. 

An  impure  product,  known  under  the  name  of  alum-cake,  also 
used  largely  by  paper-makers,  is  obtained  by  heating  a  white 
china  clay  or  bauxite  with  sulphuric  acid.  The  whole  mass 
then  becomes  solid.  It  consists  of  about  12-15  per  cent,  of 
soluble  alumina  as  sulphate,  together  with  silica  and  undecom- 
posed  aluminate. 

Foi'  many  purposes  a  sulphate  perfectly  free  from  iron  is 
needed.  This  is  prepared  by  dissolving  the  pure  hydroxide  in 
sulphuric  acid,  or  by  treating  a  solution  of  the  crude  sulphate 
with  pyrolusite  (Spence)  or  calcium  ferrocyanide  solution 
(Kynaston). 

According  to  Berzelius  a  series  of  basic  sulphates  of  alumin- 
ium exists,  but  these  are  probably  mixtures.  One  of  them  occurs 
in  clay  deposits  as  the  mineral  aluminite  or  websterite.  It  forms 
an  earthy  mass,  having  the  composition  Al2(SOj)(OH)^,7H20. 
The  same  salt  is  formed  when  aluminium  sulphate  is  precipitated 
with  a  quantity  of  ammonia  insufficient  to  throw  down  the  whole 
of  the  alumina.  When  a  concentrated  solution  of  aluminium 
sulphate  is  boiled  with  the  freshly  precipitated  hydroxide  a 
thick  solution  is  formed,  and  this,  on  standing  for  some  months, 
deposits  a  crust  of  small  needle-shaped  crystals  of  a  salt 
having  the  composition  Al2(SOj2(OH)2,2Al2(SOJ(OH)^,25Hi,0 
(Rammelsberg). 

A  crystalline  soluble  basic  sulphate,  Al20g,2S03,  can  be 
prepared  by  heating  an  excess  of  alumina  with  sulphuric  acid 
under  pressure,  adding  a  little  lime,  evaporating  the  clear  liquor 
and  allowing  to  crystallise.^ 

A  crystalline  cMorosulphate,  A]S0^C1,6H20,  is  formed  when 
concentrated  hydrochloric  acid  is  added  to  a  solution  of  the 
sulphate.     It  is  at  once  decomposed  by  water.- 


The  Alums. 

333  Aluminium  sulphate  forms  with  the  sulphates  of  the 
alkali  metals  double  salts,  which  crystallise  in  regular  octahedra, 
and  the  potassium  double  salt,  Al2(SOj3,K2SO^,24H20,  has 
long  been  known  under  the  name  of  alum.     This    name  is, 

1  Spence,  German  Patent,  167419  (17/4/1903). 
^  Recoura.^CoOTpi.  rend.,  1902,  135,  736. 
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however,  now  used  to  designate  a  whole  group  of  bodies.  A 
number  of  substances  with  an  astringent  taste  were  known  to 
the  Greeks  {arvirTripia)  and  the  Romans  (alumen),  and  among 
these  the  naturally  occurring  aluminium  sulphate  and  alum 
seem  to  have  been  included.  We  also  find  the  name  occurring 
in  the  writings  of  the  Latin  Geber,  who  speaks  of  an  ice- 
alum,  which  is  obtained  from  E-occha,  and  which  he  was  able 
to  purify  by  recrystallisation.  The  alchemists  of  the  West 
described  this  salt  as  alumen  de  rocca,  in  order  to  distinguish 
it  from  the  vitriols,  and  this  name  was  afterwards  erroneously 
translated  by  the  French  chemists,  who  termed  pure  alum  alun 
de  roche. 

In  the  thirteenth  century  an  alum  factory,  erected  by  Italians, 
existed  near  Smyrna.  They  obtained  their  alum  by  roasting 
alum-rock,  lixiviating  the  product,  and  crystallising.  In  the 
fifteenth  century  the  Genoese  erected  alum  works  on  the  island 
of  Ischia,  and  at  the  same  time  the  celebrated  works  at  Tolfa, 
in  the  Papal  States,  were  established.  The  so-called  Roman 
alum,  which  was  there  prepared,  was,  up  to  recent  times,  con- 
sidered to  be  the  best,  and  the  manufacture  has  been  resusci- 
tated, 10,000  tons  of  alum  being  made  annually  at  Tolfa  by  a 
French  company.  The  material  from  which  the  alum  is  manu- 
factured in  various  places  in  Italy,  as  well  as  in  Hungary,  is  the 
alum-rock,  the  chief  constituent  of  which  is  the  mineral  alunite 
or  alum-stone,  which  is  itself  a  double  compound  of  potassium 
sulphate  and  basic  aluminium  suljjhate,  possessing  the  formula 
K2SO^,3Al2(SOJ(OH)^.  The  rock  is  a  product  of  the  action 
of  steam  and  sulphur  dioxide  on  trachyte,  and  consists  chiefly 
of  a  mixture  of  quartz  and  alum-stone.  This  is  mixed  with 
fuel  in  heaps,  or  in  a  furnace  similar  to  a  lime -kiln,  and  the 
roasted  mass  exposed  for  some  weeks  to  the  air.  It  then  falls 
to  a  soft  material,  which  is  lixiviated  with  hot  water,  and  the 
clear  liquid,  on  standing,  is  concentrated  in  copper  pans,  and 
allowed  to  crystallise  in  wooden  vessels.  The  crystals  have  a 
slightly  orange-red  colour,  a  very  characteristic  property  of 
Roman  alum,  due  to  the  presence  of  very  finely  divided  ferric 
oxide,  which  is  mechanically  mixed  in  the  mass.  On  crystal- 
lising the  alum  from  hot  water  this  is  left  behind  in  the  form 
of  a  reddish  deposit. 

Another  method  for  preparing  alum  has  long  been  known 
and  is  described  by  Agricola  and  Libavius.  For  this  purpose 
shale  is  employed.     This  chiefly  occurs  in   the  Silurian  and 
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Devonian  formations,  and  contains  finely  divided  iron  pyrites, 
distributed  through  a  mass  of  bituminous  shale.  The  shale  is 
heaped  together  and  is  either  allowed  to  decompose  slowly  by 
exposure  to  the  air,  or  it  is  roasted.  In  either  case  the  pyrites 
is  oxidised  with  formation  of  ferrous  sulphate  and  free  sulphuric 
acid,  both  of  which  act  upon  the  clay,  producing  aluminium 
sulphate,  which  is  then  dissolved  out  with  water.  It  was 
early  known  that  the  ley  thus  obtained  did  not  crystallise  until 
an  alkali  had  been  added  to  it.  Both  Agricola  and  Libavius 
state  that  it  is  customary  to  add  decomposed  urine  to  the  ley, 
in  order,  as  the  latter  author  remarks,  to  separate  out  the  vitriol 
which  is  contained  in  solution.  The  alum  thus  prepared  must 
have  been  chiefly  ammonia-alum.  This  conclusion  is  corro- 
borated by  Kunkel's  remark,  for  we  find  that  he  states  distinctly 
in  his  Laboratormm  Gkymicum  that  alum  contains  the  volatile 
alkali.  Instead  of  urine,  potash  was  soon  used,  and  Hoffmann, 
in  1722,  explained  why  an  alkali  was  added,  and  this  explanation, 
namely,  that  the  crude  ley  was  unable  to  crystallise  because  it 
was  too  acid,  and  also  because  it  contained  a  sulphurous  impurity 
which  had  to  be  removed  by  the  addition  of  alkali,  was  the  one 
which  was  accepted  as  correct  until  the  end  of  the  eighteenth 
century.  At  that  time,  and  even  up  to  a  later  date,  it  was  not 
generally  admitted  that  an  alkali  formed  an  essential  constituent 
of  alum.  Moreover,  alum  was  often  prepared  without  the  addition- 
of  such  an  alkali,  for  in  those  days  the  existence  of  a  potassium 
compound  in  a  mineral  such  as  alunite  was  not  known. 
Bergman  and  Scheele,  who  were  well  aware  that  alum  con- 
tained potash,  considered  it  to  be  an  impurity.  Marggraf  then 
showed  that  pure  alumina  and  sulphuric  acid  formed  an  alum 
only  when  an  alkali  was  added,  and  hence  Lavoisier  concluded 
that  two  bases  were  contained  in  alum,  viz.,  the  alumina  and  the 
fixed  alkali.  These  views  were,  however,  not  generally  accepted 
until  1797,  when  Chapteland  Vauquelin  showed  that  potash  was 
an  essential  constituent  of  alum;  the  latter  chemist,  moreover, 
proved  that  this  fixed  alkali  could  be  replaced  by  ammonia,  and 
asserted  that  when  aluminous  minerals  yielded  an  alum  on  treat- 
ment with  sulphuric  acid,  it  was  a  proof  that  these  minerals 
contained  potash. 

The  crude  ley  from  the  lixiviation  of  the  burnt  shale  consists 
essentially  of  the  sulphates  of  aluminium  and  iron.  The 
solution  is  then  evaporated  down  in  order  that  the  iron  salt 
may  be  deposited,  and  the  solution  ultimately  obtained,  which 
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has  a  specific  gravity  of  1"4,  contains  aluminium  sulphate, 
with  a  small  quantity  of  ferric  sulphate.  In  order  to  obtain 
alum  from  this  solution  a  potassium  salt  is  added,  and  as  the 
double  salt  formed  is  sparingly  soluble,  it  separates  out  at  once 
from  the  concentrated  solution.  It  is  most  economical  to  employ 
a  mixture  of  potassium  sulphate  and  chloride,  in  different 
proportions,  to  be  determined  according  to  the  composition  of  the 
ley,  in  order  to  avoid  loss  of  aluminium  as  aluminium  chloride 
or  of  potassium  as  ferrous  potassium  sulphate  if  ferrous 
sulphate  be  present.  The  crude  potassium  chloride  from 
Stassfurt  is  now  usually  employed  as  the  source  of  the 
potash.  This  substance  is  dissolved  in  a  small  quantity  of 
hot  water,  and  the  solution  added  to  the  crude  ley,  and  alum- 
meal  is  then  obtained  by  well  stirring  the  mixture  until  it  is 
cold.  The  small  crystals  of  which  the  meal  consists  are  washed 
with  a  small  quantity  of  cold  water,  the  first  wash-water  being 
allowed  to  run  into  the  boiling-down  pans,  and  the  last  wash- 
water  being  employed  for  washing  the  crude  alum.  The  purified 
meal  is  then  dissolved  in  boiling  water  or  by  means  of  a  current 
of  steam,  and  the  solution  is  brought  into  large  crystallising  vats 
built  of  movable  staves  bound  together  with  iron  hoops.  In 
these  the  alum  is  deposited  in  the  large  crystals  in  which  it  is 
usually  found  in  commerce. 

Until  recent  years  the  chief  quantity  of  alum  made  in  Eng- 
land has  been  ammonium  alum,  prepared  according  to  Spence's 
method.  In  this  process  the  black  bituminous  shale  lying 
above  the  coal-measures  is  employed  as  the  source  of  alumina. 
This  is  made  into  heaps  about  l"5m.  in  height  and  slowly 
roasted.  The  mass,  which  when  roasted  has  a  light  red  colour 
and  is  brittle,  is  then  brought  into  large  covered  pans,  mixed 
with  sulphuric  acid  diluted  with  washings  obtained  in  the  final 
stages  of  the  process,  and  heated  by  means  of  steam  coils  placed 
in  the  pan,  until  the  liquors  contain  only  a  small  percentage 
of  free  acid.  The  impure  solution  of  aluminium  sulphate  is 
then  run  into  cooling  tanks,  on  the  way  receiving  a  sufficient 
quantity  of  either  ammonium  or  potassium  sulphate  to  convert 
it  into  ammonium  or  potassium  alum  as  required.  It  is 
then'  diluted  with  liquors  from  a  later  stage  in  the  process  and 
stirred  until  cold  to  obtain  small  crystals  of  alum  meal,  the 
liquor  run  off,  and  the  mealy  alum  washed  with  liquors  and  a 
small  quantity  of  water.  This  is  then  drained  and  brought 
into  a   funnel  shaped  vessel,  where  steam  is  allowed  to  blow 
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on  it  in  such  a  manner  that  the  whole  of  the  steam  is  con- 
densed and  all  the  salt  dissolved.  In  half  an  hour  about  four 
tons  of  alum  meal  can  thus  be  dissolved.  The  solution  is 
allowed  to  settle  in  lead-lined  cisterns,  and  then  brought  into 
crystallising  vats  and  allowed  to  remain  in  them  for  a  week. 
The  staves  are  then  knocked  away,  and  a  cylindrical  block 
of  alum  remains,  which  is  allowed  to  stand  another  week. 
A  hole  is  afterwards  drilled  into  the  bottom  of  the  block,  the 
mother-liquor  allowed  to  run  out,  and  the  mass  broken  up. 
Each  vat  yields  three  tons  of  large  crystals,  which  frequently 
possess  an  amethystine  tint  resembling  alum  containing  much 
iron,  although  they  contain  less  than  O'OOl  per  cent,  of  that  metal. 
This  colour  is  probably  due  to  exceedingly  minute  quantities  of 
iron  and  chromium,  and  not  to  organic  matter,  as  has  been 
usually  supposed. 

Since  the  introduction  of  cheap  potassium  chloride  from 
Stassfurt,  ammonium  alum  is  no  longer  so  largely  made  in 
England,  potassium  sulphate  being  manufactured  by  the  action 
of  sulphuric  acid  upon  the  natural  potassium  chloride  in  an 
ordinary  salt-cake  furnace,  and  employed  instead  of  ammonium 
sulphate. 

Shale  is  no  longer  used  in  many  works  as  a  source  of 
alum,  bauxite  being  employed  and  submitted  to  a  similar 
treatment. 

334  Potassium  Alum,  Al2(S04)3,K2S04,24H20,  is  found  in 
nature  in  feathery  or  mealy  crusts  or  masses,  as  an  efflorescence 
on  alum  shale,  and  in  volcanic  districts,  where  it  is  formed  by 
the  action  of  sulphur  dioxide  and  oxygen  on  trachyte  and  lava. 
In  some  places,  as  in  the  districts  near  Naples  and  in  Sicily, 
alum  is  produced  in  sufficient  quantity  to  render  its  manufacture 
possible,  and  a  very  pure  alum  is  obtained  from  this  source. 
Potash  alum  has  a  specific  gravity  of  1-724  (Kopp)  ;  it  crystal- 
lises in  transparent  regular  octahedra,  which  often  exhibit  the 
cube  and  dodecahedron  faces ;  its  solution  possesses  a  sweet 
astringent  taste,  and  has  an  acid  reaction.  100  parts  of  water 
dissolve  (Locke)  :^ 

At  0°         10°        20°         30°         40° 

K2Al2(S04)4,24H20     5-65     76     11-4     16-6     23-8     parts 

At  .50°      60°        70°         80° 

K2Al2(SOj4,24H20     36-4  57-4  110-5  321-3     parts. 

'  See  Amer.  Ghem.  J.,  1901,  26,  174  ;  Phil.  Trans.,  1904,  203,  A.  214. 
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It  is  insoluble  in  alcohol.  On  exposure  to  the  air  the  surface 
becomes  opaque  and  white.  This  is  not,  however,  due  to  a  loss 
of  water,  but  is  caused  by  the  absorption  of  ammonia  and  the 
formation  of  a  basic  sulphate.  When  a  crystal  of  alum  is  placed 
over  sulphuric  acid  or  heated  to  61°,  it  loses  18  molecules  of 
water  (Graham)  ;  at  92°  it  melts  in  its  own  water  of  crystallisa- 
tion; it  loses  the  whole  of  its  water  slowly  at  100°,  and  quickly 
at  a  higher  temperature,  with  formation  of  what  is  known  as 
burnt  alum.  This  forms  a  porous  mass,  which  dissolves  slowly 
but  completely  in  water.  When  alumina  is  fused  with  hydro- 
gen potassium  sulphate,  an  anhydrous  salt  is  obtained  which 
crystallises  in  small  six-sided  crystals,  and  remains  behind 
when  the  fused  mass  is  treated  with  hot  water. 

Neutral  and  Basic  Almns. — If  an  alkali  is  slowly  added 
to  an  alum  solution,  a  precipitate  is  thrown  down  which  dis- 
appears on  stirring,  but  after  a  further  addition  of  the  alkali  it 
remains  unaltered.  The  solution  in  which  the  precipitate  just 
redissolves  has  a  neutral  reaction,  and  is  termed  in  commerce 
neutral  alum  ;  it  is  employed  in  dyeing,  as  it  readily  gives 
up  alumina  to  the  colouring  matter,  and  is  free  from  iron,  in- 
asmuch as  the  alkali  decomposes  any  iron  sulphate  which  the 
liquid  may  contain.  If  this  solution  is  allowed  to  evaporate  at 
the  ordinary  temperature,  a  crystalline  crust  is  deposited  which 
contains  the  basic  salt  Al2(SOj3,2Al(OH)3,  together  with 
potassium  sulphate.  If  the  solution  is  heated  above  40^,  com- 
mon alum  is  formed,  and  a  precipitate  of  K2S04,Al2SO^(OH)^ 
is  thrown  down,  this  latter  substance  being  identical  in  compo- 
sition with  alunite  from  Tolfa.  When  a  solution  of  basic  alum 
is  heated  in  sealed  tubes  to  230°,  this  compound  is  also  obtained 
in  crystals  (Mitscherlich).  Solutions  which  contain  a  small 
quantity  of  basic  alum  yield,  on  spontaneous  evaporation,  cubical 
crystals.  These  were  first  observed  by  Sioffert  in  1772,  and 
obtained  by  him  by  boiling  alum  with  milk  of  lime.  This  so- 
called  cubic  alum  has  the  same  composition  as  common  octa- 
hedral alum,  and  on  heating  the  solution,  to  which  a  small 
quantity  of  alkali  has  been  added,  to  a  temperature  above  100°, 
ordinary  octahedral  alum  separates  out.  Roman  alum  obtained 
from  alunite  often  occurs  in  commerce  in  cubical  crystals. 

Rubidium  and  CiEsium  also  form  alums  which  are  very 
sparingly  soluble,^  and  hence  are  employed,  as  has  already  been 
described,  for  the  separation  of  these  metals  from  potassium. 

'  See  Locke,  Amer.  Ohem.  J.,  1901,  26,  166. 
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Ammonium  Alum,  Al2(SO^)3,(NHj2SO^,24H20. — This  salt 
is  very  similar  to  potassium  alum.  It  has  a  specific  gravity  of 
1"626,  melts  at  95°,  loses  water  on  heating,  and,  on  ignition, 
leaves  a  residue  of  pure  alumina.  One  hundred  parts  of  water 
dissolve  (Poggiale) : 

At  0°         10°         20°  30° 

Al2(NH,)2(SOJ„24H20     3'9      9-5      ISl      22-0     parts. 

At  40°         50°         60° 

Al,(NH,)2(SO,)„24H20    30-9    44-1      66-7     parts. 

Commercial  alum  frequently  contains  both  potassium  and 
ammonium  in  varying  proportions. 

A  hydroxylamine  alum  is  also  known. 

Sodium  Alum,  Al2(SO^)3,Na2SO^,24H20. — It  was  formerly 
believed  that  aluminium  sulphate  did  not  form  an  alum  with 
sodium  sulphate,  but  this  salt  was  prepared  in  the  year  1816 
by  Zellner.^  Sodium  alum  is  much  more  readily  soluble  in 
water  than  the  other  alums.  Its  specific  gravity  is  1"6.  It 
effloresces  in  the  air,  and  loses  the  whole  of  its  water  at  a 
temperature  of  from  40°  to  50°,  leaving  an  easily  soluble 
residue.  It  is  not  manufactured  on  the  large  scale,  as  on 
account  of  its  solubility  it  is  difficult  to  prepare  in  the  pure 
state. 

Silver  Alum,  Al2(SO^)3,Ag2SO^,24H20. — The  isomorphism  of 
many  silver  salts  with  the  corresponding  salts  of  sodium 
connects  this  metal  closely  with  those  of  the  alkalis,  and  silver 
likewise  forms  an  alum.  This  is  obtained  by  heating  a  mixture 
of  silver  sulphate  and  aluminium  sulphate,  together  with  some 
water,  in  sealed  tubes,  until  the  silver  sulphate  is  dissolved.  On 
cooling,  octahedral  crystals  are  deposited.  These  are,  however, 
decomposed  into  their  constituents  by  water.  ^ 

Besides  the  above-mentioned  alums,  a  number  of  other  alums 
are  known  in  which  the  aluminium  is  replaced  by  isomorphous 
metals,  such  as  iron,  manganese,  and  chromium.  A  peculiar 
nomenclature  has  arisen  in  the  description  of  these  compounds. 
If  none  of  the  isomorphous  metals  replaces  aluminium,  as  in  the 
above-mentioned  alums,  each  is  an  aluminium  alum.  The 
names,  iron  alum,  chromium  alum,  and  manganese  alum,  on  the 
other  hand,  are  used,  as  a  rule,  to  designate  the  potassium 
double  sulphates  of  these  metals.      If  potassium  is    replaced 

'  See  also  Dumont,  German  Patent,  141670. 

-  Church  and  Northcote,  Chem.  News,  1864,  9,  155. 
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by  other  metals,  then  the  names  of  both  metals  must  be 
mentioned,  as,  for  instance,  ammonium  chromium  alum,  and  so 
forth. 

Selenic  acid  also  forms  a  series  of  alums,  having  the  general 
formula  M2'"(SeOj3,M2'SO„24H20. 

Aluminium  sulphate  also  formsdoublu  salts  with  potassium  and 
ammonium  sulphates  containing  SHgO,  which  are  obtained  by 
fusing  the  corresponding  alums  and  maintaining  the  liquid 
at  about  86°.  Slender  crystals  of  the  new  hydrates  then  separate, 
but  they  are  difficult  to  prepare,  and  have  not  been  carefully 
examined.^  Their  formation  is  of  interest,  because  compounds  of 
the  same  type  are  formed  by  the  sulphates  of  thallium  and 
the  metals  of  the  rare  earths,  which  do  not  form  true  alums. 


Aluminium  and  Nitrogen  and  Phosphorus. 

335  Aluminium  Nitride,  AIN,  is  formed  in  small  yellow 
crystals  when  aluminium  is  strongly  heated  in  nitrogen.^  It  is 
rapidly  decomposed  by  water.  It  is  now  being  manufactured 
by  the  Soci^te  Gen^rale  des  Nitrures  in  Savoy,  by  strongly 
heating  bauxite  with  carbon  and  passing  nitrogen  gas  over  the 
mixture : 

2  AI.P3 + 3C2 + 2N2  =  4A1N  +  6C0. 

The  nitride  is  then  treated  with  water  and  ammonia  produced : 

2  AIN  +  SH^O  =  AI2O3  +  2NH3. 

The  alumina  can  be  used  for  the  manufacture  of  aluminium,  or 
employed  over  again.^ 

Aluminium  Nitrate,  A1(N03)3,  is  obtained  by  dissolving  the 
hydroxide  in  nitric  acid,  and  evaporating  the  solution  with 
occasional  addition  of  nitric  acid.  On  cooling,  the  salt 
A1(N03)3,8H20  separates  out  in  very  deliquescent  prismatic 
needles.  This  salt  decomposes  at  150°,  leaving  a  residue  of  pure 
alumina  (Deville),  and  this  reaction  may  be  employed  for  the 
separation  of  aluminium  from  calcium  and  magnesium,  metals 
whose  nitrates  do  not  decompose  at  so  low  a  temperature.  The 
solution  of  the  normal  nitrate  is  obtained  by  exactly  precipitating 

1  Marino,  Oazz.,  190.5,  35,  ii.,  341. 

"  Mallet,  Journ.  Chem.  Soc,  1876,  ii,  349. 

3  Serpek,  D.R.-P.,  2.35213  and  236044  ;  also  239909. 
VOL.   II  3   B 
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a  solution  of  lead  nitrate  with  aluminium  sulphate.  This  solution 
is  used  as  a  mordant  in  calico-printing  with  alizarin  colours. 

Phosphides  of  Aluminium. — When  a  mixture  of  aluminium 
powder  and  red  phosphorus  is  fired,  the  two  elements  unite, 
forming  the  compound  AlP,  which  is  decomposed  by  water  with 
formation  of  aluminium  hydroxide  and  phosphine.^  Various 
other  compounds,  Al5P3,Al3P7  and  AI3P,  have  been  described.^ 

Phosphates  of  Aluminium. — Normal  aluminium  orthophos- 
phate,  AlPO^,  is  obtained  as  a  gelatinous  precipitate  by  adding 
a  neutral  solution  of  an  aluminium  salt  to  a  solution  of 
sodium  phosphate.  It  is  soluble  in  mineral  alkalis  and  acids, 
and  in  ammonia.^  If  an  acid  solution  of  the  salt  be  pre- 
cipitated with  ammonia,  a  basic  salt,  3A1P0^,5A1(0H)3,  is 
thrown  down :  this,  combined  with  nine  molecules  of  water, 
forms  the  crystalline  mineral  wavellite.  In  addition  to  this,  many 
other  basic  and  double  phosphates  of  aluminium  occur  in  the 
mineral  kingdom,  of  which  the  mineral  turquoise  or  calaite, 
occurring  in  Persia  and  valued  as  a  gem,  is  one  of  the  most 
important.  This  is  coloured  a  greenish  or  bluish  colour 
by  copper,  and  is  the  basic  salt,  A1P0^,A1(0H)3,H20.  Most 
of  the  turquoise,  not  artificial,  used  in  jewellery  in  former  cen- 
turies as  well  as  at  the  present  time,  and  described  in  early 
works  on  mineralogy,  is  bone-turquoise  or  odontolite,  a  fossil 
bone  or  tooth  coloured  by  phosphate  of  iron.  An  aluminium 
phosphate  containing  38^  of  phosphoric  oxide  occurs  in  Algiers, 
at  Fauzan  and  in  the  Island  of  Grand  Connetable,  and  is  em- 
ployed as  a  source  both  of  alumina  and  of  phosphoric 
acid.* 


Aluminium  and  Boron,  Carbon,  and  Silicon. 

336  The  compounds  of  aluminium  and  boron  have  been 
described  in  Vol  I.,  p.  716. 

Ahcminium  Carbide,  Al^Cg,  was  obtained  by  Moissan  by  heating 
aluminium  in  a  carbon  crucible  in  the  electric  furnace,^  and 
appears  to  be  formed  from  the  carbon  monoxide  produced.'^  It 
is  also  produced  when  alumina  is  heated  with  calcium  carbide, 

'  Fonzes-Diaoon,  Compt.  rend.,  1900,  130,  1.314. 

^  Franck,  Ch&m.  Zeit.,  1898,  22,  236. 

■^  See  Caveu  and  Hill,  J.  Soc.  Chem.  Ind.,  1897,  16,  29. 

■*  Grognot,  Rev.  Gtn.  Chim.,  1906,  9,  149. 

^  Oompt.  rend.,  1895,  119,  9.         »  Pring,  Joum.  Chem.  Soc,  1905,  87,  1530. 
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and  when  aluminium  is  heated  in  carbon  monoxide  in  presence 
of  aluminium  chloride.^  It  forms  yellow  crystals  and  is  decom- 
posed by  water  with  formation  of  pure  methane  : 

Al.Cg  + 1 2H2O  =  4A1(0H)3+ 3CH,. 

337  Silicates  of  Aluminium.  It  has  already  been  stated  that 
the  various  silicates  of  aluminium  occur  in  combination  with 
other  silicates  to  form  the  chief  constituents  of  the  solid  crust 
of  the  earth.  The  number  of  these  compounds  is  extremely 
large,  and  only  those  can  be  mentioned  in  this  work  which 
possess  a  general  interest. 

Topaz,  AljSiO^Fg,  occurs  in  granite,  gneiss,  and  mica-schist 
in  the  form  of  rhombic  prisms,  which  are  transparent  and 
usually  colourless,  or  of  a  light-  or  dark-yellow  colour.  The 
finest  topaz  occurs  in  the  Urals,  Siberia,  and  Brazil.  The 
common  forms  are  not  infrequently  employed  for  the  manu- 
facture of  polishing  powder  instead  of  emery. 

NobleGarnet,(}ll^^e\k\^^ijd^^. — This, like  the  other  members 
of  the  group  of  garnets,  crystallises  in  the  regular  system,  the 
dodecahedron  being  the  most  prominent  form.  The  crystals  are 
transparent,  and  are  coloured,  according  to  the  quantity  of  iron 
which  they  contain,  from  a  pale  yellow  up  to  a  dark  red  tint. 

Potash  Felspar  or  Orthoclase,  Al3(Si30g)3K3,  is  mined  in  great 
quantity  for  the  manufacture  of  porcelain  and  similar  materials, 
and  it  has  also  been  utilised  as  a  source  of  potash  by  roasting  with 
lime  and  then  extracting  with  water;  beyond  selection  at  the 
mines  of  the  cleavage  fragments  of  the  crystalline  mineral,  no 
artificial  work  is  put  upon  the  native  product.  Large  quan- 
tities are  shipped  to  the  pottery  districts  of  the  Midlands,  and 
before  being  used  it  is  very  finely  ground,  either  alone  or  along 
with  other  materials.  When  strongly  heated,  felspar  fuses,  and 
on  cooling  does  not  again  crystallise,  but  solidifies  to  a  colourless 
glass ;  hence  it  is  used  either  to  act  as  a  frit  or  fusible  material 
to  bind  together  most  firmly  the  infusible  particles  of  clay  form- 
ing the  body  of  the  porcelain  or  earthenware,  and  so  produce  a 
hard,  translucent,  lustrous  mass,  or  else  to  act  as  a  flux  on  the 
surface  of  the  porcelain  or  earthenware  so  as  to  give  it  a 
smooth  glazed  surface  which  it  would  not  otherwise  possess. 

Hydrated  Aluminium  Silicate  or  Xaofe,  HgAljSijOgjHgO,  is 
formed  by  the  weathering  of  felspar,  which  loses  the  whole 
of  its  potash  and  two-thirds  of  its  silica,  and  takes  in  their  place 
^  Gunz  and  Masson,  Oompt.  rend.,  1897,  124,  187. 

3  B  2 
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a  small  proportion  of  water.  This  substance  is  a  distinct  mineral 
species  and  frequently  occurs  crj'stallised  in  four-  or  six-sided 
tablets  belonging  to  the  rhombic  system ;  even  where  the 
mass  appears  to  be  an  amorphous  powder,  the  microscope  and 
also  the  peculiar  soapy  feeling  between  the  fingers  show  it  to 
consist  of  ver}'  fine  crystalline  scales.  It  is  frequently  accom- 
panied by  crystals  of  quartz,  and  if  the  original  felspar  rock  or 
its  admixed  minerals  contained  iron,  the  kaolin  is  coloured 
more  or  less  yellow,  red,  or  green  by  the  presence  of  ferric  or 
ferrous  oxides.  Kaolin  is  found  in  China,  near  the  Kauling 
Mountains,  whence  its  name  is  derived  ;  in  Europe  the  finest 
china  clay  is  found  in  Yrieux  near  Limoges,  and  it  is  from  this 
that  the  celebrated  Sevres  porcelain  is  made  ;  good  china  clay  is 
likewise  found  in  Cornwall,  Saxony,  various  localities  in 
America,  and  elsewhere.  The  following  table  gives  the  com- 
position of  some  varieties : 

SiOj.  AI2O3.  H,0.  (K,Na)20.  FeoO,-  (Ca,Mg)0. 

HjAL^SiA  +  H^O   .  46-4  39-7  139  —  —  _ 

Kaolin  from  China  50-6  32-7  lO'O  25  2-6  O'S 

,,         „      Yrieux  484  34-9  12-6  2-4  I'S  — 

,,      Cornwall.  46-4  386  91  18  —  35 

Cornwall  Clay        .       ,  45-8  39-4  14-3  —  —  — 

Dorsetshire  blue  clay  46-4  38  0  13-4  —  I'O  1-2 

Ordinary  clay  consists  of  a  mixture  of  kaolin  with  silica,  ferric 
oxide,  calcium  carbonate,  magnesium  carbonate,  and  organic 
matter.  Thus  Stourbridge  clay  used  for  making  crucibles,  fire- 
bricks, gas  retorts,  &c.,  contains  approximately  40  per  cent,  of 
free  silica  and  60  per  cent,  of  kaolin.  Kaolin  kneaded  to  a 
paste  with  water  forms  a  plastic  mass  easily  cut,  pressed  to 
any  shape,  squirted  by  pressure  through  dies  to  form  rods  or 
tubes,  cut  into  lengths  to  make  bricks,  &c. ;  when  gradually 
dried  such  worked  clay  does  not  crumble  and  when  the 
articles  are  subsequently  heated  to  drive  off  the  combined 
water  they  shrink  about  10  per  cent,  in  their  length  and  bake 
into  a  hard  porous  solid.  At  all  ordinary  furnace  temperatures, 
kaolin  cannot  be  fused,  but  the  presence  of  very  small  quantities 
of  foreign  materials  induces  partial  fusion  so  that  the  mixture 
becomes  more  or  less  soft  and  pasty  in  the  furnace  ;  oxide  of  iron 
particularly  has  this  effect,  as  well  as  lime  and  the  alkalis.  Upon 
his  skill  in  choosing  and  admixing  certain  fusible  materials  with 
kaolin  and  impure  clays  the  success  of  the  potter  depends.^ 

1  For  a  fuller  account  of  Pottery  and  Porcelain,  consult  Burton's  article 
in  Vol.  IV.  of  Thorpe's  Dictionary  of  Applied  Chemistry  (1913). 
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338  History  of  Earthenware,  Pottery,  and  Porcelain. — The 
potter's  art  is  one  of  the  oldest  in  existence.  The  Egyptians 
were  well  acquainted  with  the  means  of  glazing  ware  made  of 
burnt  clay,  as  well  as  with  the  art  of  enamelling  in  colours. 
Amongst  European  nations  the  Etruscans  were  especially  cele- 
brated in  early  times  for  their  proficiency  in  the  manufacture 
of  painted  pottery  ware,  and  in  Pliny's  time  several  towns  in 
Greece  and  Italy  were  well  known  for  the  beauty  and  artistic 
taste  of  their  vases,  urns,  and  other  pottery  wares. 

Porcelain  was  not  known  to  the  Romans,  although  the 
Chinese  have  manufactured  it  for  ages,  and  the  Egyptian  tombs 
contain  remains  of  vessels  made  of  a  material  closely  allied  to 
porcelain.  The  art  of  glazing  pottery  with  the  oxides  of  lead 
and  tin  was  generally  practised  in  Europe  during  the  Middle 
Ages,  and  we  find  a  description  of  the  process  then  adopted 
in  the  writings  of  the  alchemists  Peter  Bonus  and  Albertus 
Magnus  at  the  beginning  of  the  thirteenth  century.  In  the 
following  century  the  potter's  art  made  great  strides.  Agricola 
published  many  receipts  concerning  this  manufacture  ;  amongst 
others,  he  states  not  only  that  a  mixture  of  litharge  with  tin 
oxide  gives  a  good  glaze,  but  that  the  former  oxide  may  be 
employed  alone  for  this  purpose. 

Amongst  those  who  have  been  most  active  in  promoting  the 
progress  of  the  ceramic  art  the  name  of  Bernard  Palissy  stands 
pre-eminent.  Devoting  himself  with  self-sacrificing  assiduity 
to  the  production  of  glazed  and  coloured  faience,  Palissy  laid 
the  foundation  of  modern  art  pottery.  His  numerous  writings, 
published  during  the  latter  half  of  the  sixteenth  century,  spread 
a  knowledge  of  his  experimental  methods  throughout  Europe  ; 
but  his  works  L' Art  de  Terre  et  des  Terres  d'Argik  are  confined 
to  a  description  of  the  manufacture  of  earthenware  ;  it  was  not 
until  the  year  1709  that  the  method  of  making  porcelain  was 
discovered  by  Botticher,  and  in  the  following  year  the  celebrated 
porcelain  manufactory  at  Meissen,  in  Saxony,  was  established. 

The  mode  of  preparation  of  the  Meissen  porcelain  being 
naturally  kept  secret,  the  King  of  Prussia  instructed  the  cele- 
brated chemist  Pott  to  determine  the  nature  of  the  materials 
used,  and  he,  being  unable  to  obtain  any  satisfactory  information, 
was  obliged  to  investigate  the  properties  of  those  substances 
which  might  possibly  be  used  in  the  manufacture,  mixed  in  varied 
proportions ;  for  this  purpose  Pott  is  said  to  have  made  no 
less  than  30,000  experiments.     To  these  we  are  mainly  indebted 
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for  the  establishment  of  the  reactions  which  occur  when  various 
minerals  are  heated,  and  much  valuable  information  applicable 
to  the  manufacture  of  porcelain  was  thus  obtained.  About  the 
same  time  Reaumur  endeavoured  to  ascertain  the  secret  of 
porcelain-making,  and  found  that  it  is  produced  by  the  union  of 
two  earths,  one  of  which  is  fusible,  whilst  the  other  is  infusible 
at  the  same  temperature,  so  that  by  the  firing  of  an  intimate 
mixture  a  non-porous,  translucent  mass  is  formed. 

His  investigations  were  taken  up  in  the  year  1758  by  Laura- 
guais,  D'Arcet,  and  hega.y,  in  France,  and  by  the  help  of 
Macquer  they  succeeded  in  re-discovering  the  art  of  porce- 
lain-making, and  in  the  year  1769  the  celebrated  porcelain 
manufactory  of  Sevres  was  founded. 

Even  up  to  the  beginning  of  the  nineteenth  century  real 
porcelain  was  a  material  of  great  rarity  and  value.  At  the 
present  day,  however,  it  is  cheap,  and  is  employed  for  making 
the  most  ordinary  articles  of  everyday  use. 

Hard  Porcelain  or  T^'iie  Porcelain  is  distinguished  by  its 
fine  and  hard  translucent  structure,  and  is  with  difficulty  at- 
tacked by  chemical  reagents.  According  to  Emmerling's  ex- 
periments water  and  acids,  even  when  boiled,  have  next  to  no 
action  on  porcelain,  and  it  is  attacked  by  alkalis  less  powerfully 
than  glass,  and  hence  in  chemical  and  analytical  operations  the 
use  of  porcelain  is  much  to  be  preferred  to  that  of  glass. 
Porcelain  also  stands  rapid  alteration  of  temperature  without 
cracking,  and  this  property  is  one  of  extreme  value  to  chemists  ; 
whilst  its  beauty,  and  the  fact  that  its  surface  is  capable  of 
taking  colours  which  will  stand  firing,  render  it  of  great  im- 
portance in  the  manufacture  of  objects  of  art. 

In  the  manufacture  of  porcelain  the  infusible  kaolin  is 
mixed  with  a  frit,  flux,  or  fusible  material,  consisting  of  a 
silicate.  This  on  fusion  penetrates  into  the  pores  of  the  heated 
clay,  producing  a  hard,  apparently  homogeneous,  translucent 
mass  lustrous  on  its  fractured  faces.  The  name  porcelain  is 
derived  from  a  Portuguese  word  porcellana,  a  shell  which  is 
similar  in  general  appearance  to  porcelain.  The  ordinary  flux 
employed  is  felspar,  but  other  materials  may  be  admixed  with 
it,  depending  upon  the^composition  of  the  kaolin  employed. 

When  a  mixture  has  proved  to  be  successful,  each  manufac- 
turer adheres  strictly  to  his  special  receipt,  not  only  because  an 
alteration  in  the  proportions  would  render  a  different  tempera- 
ture necessary  for  burning,   but    especially  because  it  would 
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also  entail  a  variation  in  the  shrinking  of  the  mass,  and  as 
the  manufacturer  has  frequently  to  prepare  his  wares  to 
pattern,  it  is  necessary  to  keep  to  one  rate  of  shrinkage. 
On  the  determination  of  the  purity  of  the  materials  and  of 
the  fire-resisting  power  of  clays  Bischof  and  Richters  ^  have 
published  elaborate  investigations,  to  which  we  must  refer  the 
reader. 

The  greatest  care  has  to  be  taken  in  the  thorough  mixing  of 
the  materials,  and  in  obtaining' them  in  a  very  finely-divided 
state.  For  this  purpose  they  are  ground  together  with  water 
to  a  thin  cream  which  is  passed  through  very  fine  sieves,  and 
the  excess  of  water  is  then  got  rid  of  by  means  of  a  special 
pattern  of  filter  press.  The  lumps  of  moist  material  are  then 
stocked  ready  to  be  worked  up  on  the  potter's  wheel,  or  brought 
into  the  requisite  shape  by  pressing  into  moulds,  and  the  objects 
thus  prepared  are  allowed  to  dry  at  the  ordinary  temperature 
before  being  fired  in  the  upper  portion  of  the  porcelain  kiln. 
The  fired  goods  are  then  dipped  into  water  containing  the  finely- 
divided  glaze  in  suspension.  The  composition  of  porcelain  glaze 
is  seen  in  the  following  table  : 


Sfevres. 

Meissen. 

Berlin. 

ground  felspar. 

Quartz       .        ... 
Kaolin  from  Seilitz. 

37 
37 

Quartz 

Kaolin  from  Jlorl  . 

43 
31 

Lime 

Broken  porcelain 

17-5 
8-5 

Gypsum 
Broken  porcelain 

14 

12 

100  0  100 

The  articles  are  dried  and  exposed  to  a  higher  temperature 
in  the  porcelain  kiln,  which  consists  essentially  of  a  high  rever- 
beratory  furnace.  The  flame  and  hot  gases  surround  the  earthen- 
ware "  seggars,"  or  infusible  crucibles,  in  which  the  porcelain 
ware  is  placed  to  protect  it  from  the  smoke  and  direct  action  of 
the  flame.  When  the  temperature  has  reached  its  maximum, 
the  kiln  with  its  contents  is  bricked  up,  and  the  whole  allowed 
to  cool  very  slowly.  This  annealing  process  is  necessary,  as  the 
glaze  forms  a  true  glass,  and  if  the  heated  mass  were  quickly 
cooled  the  porcelain  would  be  brittle  from  the  unequal  tension 
of  its  different  parts. 

Painting  on  porcelain  is   a  branch  of  the  art   of  glass-stain 

ing  and  the  same  substances  are  employed  for  painting  upon 

porcelain  as  are  used  in  colouring  glass.     They  are  divided  into 

two  classes  :  (1)  Those  which  are  not  destroyed  at  the  temperature 

1  C.  Bischof,  Dingl.  Polyt.  Journ.,  159-211  ;  Richters,  ibid.,  191-197. 
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of  the  porcelain  kiln,  and  can  be  painted  on  the  ware  below  the 
glaze — these  are  termed  refractory  colours,  and  include  cobalt- 
blue,  chrome-green,  the  brown  produced  by  oxide  of  iron  or 
manganese,  chromate  of  iron,  &c.,  and  uranium  black ;  and  (2) 
those  colours  which  are  injured  when  heated  above  a  certain 
temperature — these  are  termed  muflfle-colours,  because  they  are 
fixed  on  the  glazed  ware  by  a  separate  firing  at  a  lower 
temperature  in  a  muffle.  The  following  substances  are  used 
as  muffle-colours :  iridium  oxide,  cupric  oxide,  cuprous  oxide, 
chromate  of  lead,  silver  chloride,  purple  of  Cassius,  &c.,  and 
an  admixed  tlux  for  these  is  employed,  consisting  of  quartz  or 
sand,  borax  or  boric  acid,  felspar,  litharge  or  red  lead,  nitre  and 
the  carbonates  of  potassium  and  sodium,  in  suitable  proportions. 
Tender  or  Fritted  Purcelain. — This  form  of  porcelain  was 
first  prepared  in  1695,  by  Morin  in  St.  Cloud.  The  mass  re- 
sembles that  of  true  china,  but  the  frit  and  gbize  are  much 
more  fusible.  This  is  the  kind  of  porcelain  specially  manu- 
factured in  England.  The  materials  employed  in  this  manu- 
facture are  :  (1)  The  mass  or  body,  composed  of  Cornish  stone, 
China  clay,  or  decomposed  pegmatite.  (2)  The  frit  or  fusible 
material,  consisting  of  bone  ash  or  mineral  phosphate  with, 
sometimes,  the  addition  of  borax.  (3)  The  glaze,  consisting  of 
bone  ash,  sand,  borax,  potashes,  and  lead  oxide.  The  following 
are  mixtures  in  use  for  English  china : 

I.  11.  III. 

Bone  ash    .    .    .    47  41  47-3 

Cornish  stone    .    31  30  — 

China  clay      .    .     22  29  338 

Felspar  ....    —  —  18'9 

100       100        1000. 
The  glaze  used  for  English  table  ware  consists  of : 


Cornish  stone 34 

Chalk 17 

Ground  flint 15 

Borax      .      .  ' 34 


100. 


These  materials  are  fritted,  ground,  and  mixed  with  10  per  cent, 
of  Cornish  stone  and  20  per  cent,  of  white  lead. 

Parian  or  Carrara  Biscuit-ware  is  a  white  unglazed  porcelain, 
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less  fusible  than  ordinary  tender  porcelain  and  largely  used  for 
the  preparation  of  statuettes. 

Stoneware  is  distinguished  from  porcelain  by  its  opacity,  due 
to  the  fact  that  the  mass  is  not  nearly  so  finely  ground  and 
consequently  not  so  intimately  mixed  with  the  frit  as  is  the 
case  with  porcelain.  The  materials  used  are  the  plastic  clays 
and  pipe-clays  found  in  large  quantity  in  the  coal-measures, 
and  these  are  mixed  with  a  frit  which  is  either  felspathic  or 
may  contain  lead  or  borax,  the  proportion  of  frit  used  being 
larger  than  in  the  case  of  porcelain.  The  mass  often  contains 
quartz  granules  of  considerable  size,  and  the  materials  used 
are  not  specially  selected  to  be  particularly  free  from  iron 
oxides.  Stoneware  is  therefore  much  cheaper  than  porcelain 
and  is  largely  used  for  the  construction  of  chemical  manu- 
facturing plant,  such  as  condensing  tubes  and  bottles  for 
hydrochloric  and  nitric  acids,  evaporating  pans,  centrifugal 
machines,  large  store  tanks,  cooling  worms,  pumps,  injectors, 
fans,  taps,  &c. 

Semi-porcelain. — This  is  a  fine  kind  of  stoneware,  prepared 
from  a  white  plastic  clay,  to  which  ground  quartz  or  flint,  or  even 
felspathic  stone,  is  added  in  the  requisite  quantity.  After  the 
first  burning  it  is  porous  and  adheres  to  the  tongue.  It  is  then 
glazed  with  a  transparent  glaze  consisting  of  borax,  quartz,  soda, 
and  oxide  of  lead. 

Earthenware  or  Common  Pottery  Ware. — This  material  is 
like  the  foregoing,  inasmuch  as  it  is  porous,  but  it  is  compara- 
tively soft  and  easily  broken  or  cut  by  steel  tools  and  will  not  long 
withstand  the  action  of  strong  chemicals.  Earthenware  is  made 
from  a  coloured  plastic  clay  the  impurities  of  which  act  as  the 
frit,  and  in  order  to  diminish  the  shrinking  it  is  frequently 
mixed  with  marl,  i.e.,  a  clay  containing  a  considerable  propor- 
tion of  admixed  sand  grains.  It  is  glazed  by  throwing  common 
salt  into  the  kiln  when  the  burning  is  nearly  complete.  This  is 
volatilised  and  decomposed  by  the  aqueous  vapour  and  the 
products  of  combustion,  with  formation  of  hydrochloric  acid 
and  soda,  which  latter  unites  with  the  clay  to  form  a  sodium 
aluminium  silicate.  It  may  also  be  glazed  with  a  lead  glaze- 
Earthenware  is  largely  used  for  agricultural  drain-pipes,  tiles, 
bricks,  flower-pots,  and  in  the  glazed  form  for  pans  and  basins 
for  domestic  use.^ 

'  Consult  the  article  "  Frittsand  Glazes,"  in  Vol.  II.  of  Thorpe's  Dictionary 
of  Applied  Chemistry  (1912). 
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Faience  is  an  opaque,  porous,  generally  soft  body  pottery, 
always  coloured,  with  either  a  glaze  rendered  white  and 
opaque  by  tin  or  sometimes  by  calcium  phosphate  {faience 
imailUe),  or  else  a  transparent  lead  glaze.  In  this  latter 
case  a  slip  of  finer  clay  generally  covers  the  coarse  body. 
It  was  known  and  manufactured  in  the  9th  century  by  the 
Arabians,  and  the  knowledge  of  the  manufacture  passed  with 
the  Moors  into  Spain,  and  established  itself  in  the  Island 
of  Majorca,  whence  the  name  Majolica  is  derived,  being  the 
old  Tuscan  name  for  this  island.  The  same  ware  in  Italy 
was  named  faience  from  the  name  of  the  town  of  Faenze,  where 
the  industry  was  established  in  the  13th  century,  and  flourished 
until  the  15th.  In  France,  the  manufacture  was  commenced 
by  Bernard  Palissy,  in  the  16th  century. 

Crucibles. — The  various  kinds  of  melting  crucibles  which  are 
made  of  clay  have  a  special  interest  to  the  chemist.  These  re- 
quire to  be  made  of  material  which  will  stand  a  very  high  tem- 
perature without  softening  or  breaking  up,  and  is  capable  of  with- 
standing rapid  changes  of  temperature.  The  well-known  Hessian 
crucibles  are  made  of  a  clay  containing  about  71  parts  of  silica, 
25  of  alumina,  and  4  of  oxide  of  iron,  and  this  is  mixed  with 
one-third  to  one-half  its  weight  of  quartz  sand,  while  plumbago 
crucibles  are  made  of  a  finer  and  purer  clay  admixed  with 
plumbago  scales  which  serve  to  knit  the  clay  together  instead 
of  a  frit. 

Ulteamaeine. 

339  A  double  silicate  of  aluminium  and  sodium  containing 
sulphur,  known  as  lapis  lazuli,  has  long  been  valued  for  its 
splended  blue  colour.  Its  constitution  is,  however,  as  yet 
unknown.  It  crystallises  in  dodecahedra,  but  usually  occurs  in 
the  massive  condition,  and  is  found  in  Central  Asia,  Siberia, 
Persia,  China,  &c.  It  is  largely  used  for  making  vases  and  for 
inlaying  ornamental  furniture,  and  the  powdered  lapis  lazuli 
forms  a  valuable  paint  termed  ultramarine.  This  substance  is, 
however,  now  artificially  prepared  on  a  large  scale. 

Tassaert  observed  in  1814  the  formation  of  a  blue  colour 
in  one  of  his  black-ash  furnaces  at  the  celebrated  glass-works  of 
Saint  Gobain,  and  Vauquelin  showed  that  this  colour  was  identi- 
cal with  lapis  lazuli.  In  1824  a  prize  was  offered  in  France  for 
the  discovery  of  a  practical  method  of  manufacturing  this  colour, 
and   this   problem  was  successfully  solved  in  the  year  1828 
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simultaneously  by  Guimet  ^  and  Christian  Gmelin,  the  latter  of 
whom  published  the  process  in  the  year  1828.'^ 

Since  this  date  the  ultramarine  industry  has  largely  increased. 
The  chief  quantity  of  the  substance  is  manufactured  in  Ger- 
many, and  the  total  production  now  amounts  to  about  10,000 
tons  per  annum.  In  the  year  1829  the  price  of  artificial  ultra- 
marine was  £12  per  lb.,  whereas  now  it  is  sold  at  less  than 
30s.  per  cwt.  Different  varieties  of  ultramarine  occur  in  com- 
merce ;  these,  however,  can  be  divided  into  two  classes. 

Ultramarine  poor  in  silica  is  obtained  by  heating  a  mixture 
of  soft  clay  with  Glauber's  salt,  charcoal,  soda,  and  sulphur  in 
crucibles  placed  in  a  furnace.  Instead  of  charcoal,  tar  or  resin 
is  sometimes  employed.  In  this  way  a  colourless  compound  is 
first  produced,  termed  white  ultramarine.  This,  however,  soon 
becomes  of  a  green  colour.  The  green  ultramarine  thus  ob- 
tained, which  is  also  used  as  a  colour,  is  then  mixed  with 
sulphur  and  heated.  The  sulphur  takes  fire  and  is  allowed  to 
burn  in  the  air,  when  the  product  becomes  of  a  fine  blue  colour. 
Ultramarine  rich  in  silica  is  generally  obtained  by  heating 
a  pure  clay  with  finely  ground  white  sand,  sulphur,  and  resin 
or  charcoal  in  a  muffle  furnace,  when  a  blue  product  is  at  once 
obtained  which,  according  to  the  quantity  of  silica  originally 
added,  retains  more  or  less  of  a  red.  tinge.  The  different  kinds 
of  both  green  and  blue  ultramarine  are  then  finely  ground  and 
washed  with  water,  and  thus  the  several  marketable  varieties 
are  obtained.  A  violet  and  a  red  variety  of  ultramarine  have 
also  been  prepared.  The  following  table  gives  the  composition 
of  some  different  ultramarines  : 

Blue. 


Green. 

Poor  in  Silica. 

Rich  in  Silica. 

SiO^    .    .    . 

38-52     . 

.     37-90     . 

.     40-77 

AXfi,  .     .     . 

28-94     . 

.     29-30     . 

.     23-74 

Na^O    .     .     . 

.  23-68     . 

.     22-60     . 

.     18-54 

S     .     .     .     . 

8-30     . 

.       7-86     . 

.     13-58 

Earthy  residue 

1-94     . 

.       2-36     . 

.       3-61 

101-38 


100-02 


100-24. 


The  ultramarine  which  is  poor  in  silica  is  decolorised  by  the 
action  of  a  cold  solution  of  alum,  whilst  the  ultramarines  rich 


1  Aim.  Chim.  Phys.,  1831,  46,  431. 

2  Quart.  Journ.  Science,  1828,  2,  216. 
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in  silica  withstand  the  action  of  this  salt,  and  the  more  com- 
pletely the  more  silica  they  contain.  Hence  these  latter 
varieties  are  employed  in  eases  in  which  the  colouring  matter 
comes  in  contact  with  aluminium  salts,  as,  for  instance,  the 
blueing  of  paper  and  in  calico-printing.  The  different  kinds  of 
ultramarine  are  very  largely  employed  in  the  arts  for  water- 
colours,  as  oil-paint,  and  for  paper-staining. 

It  has  already  been  stated  that  the  chemical  constitution  of 
ultramarine  is,  as  yet,  unknown.^  The  sulphur  present  is,  how- 
ever, contained  in  two  conditions.  Dilute  acids  readily  decom- 
pose all  the  different  kinds  of  ultramarine,  gelatinous  silica  and 
finely-divided  sulphur  being  deposited  and  sulphuretted  hydro- 
gen evolved,  but  on  the  other  hand  concentrated  sulphuric  acid 
and  glacial  acetic  acid  have  no  action  upon  ultramarine.^ 

Silver- Ultraviarine. — When  blue  ultramarine  is  heated  with  a 
solution  of  silver  nitrate,  the  sodium  is  replaced  by  silver,  and  a 
yellow  powder  is  thus  obtained  which  under  the  microscope  is 
seen  in  the  form  of  dark  lemon-yellow  transparent  particles.^  It 
is  easily  decomposed  by  acids  with  separation  of  silica,  one-third 
of  the  silver  being  precipitated  as  silver  sulphide,  but  without 
evolution  of  sulphuretted  hydrogen.  If  silver  ultramarine  be 
heated  with  a  solution  of  potassium  chloride  the  silver  is  re- 
placed by  potassium,  and  in  this  way  blue  potassium  ultramarine 
is  obtained,  a  substance  which  has  hitherto  not  been  prepared 
directly  (Heumann).  A  bright  blue  lithium  ultramarine  has 
also  been  prepared  in  similar  manner.  Organic  derivatives 
of  ultramarine,  such  as  ethyl  ultramarine,  have  also  been  ob- 
tained from  the  silver  compound  by  the  action  of  the  alkyl 
iodides.  Ultramarines  containing  selenium  and  tellurium  in 
place  of  sulphur  have  been  prepared. 

The  preparation  of  these  substituted  ultramarines  has  not, 
however,  led  to  the  recognition  of  the  chemical  nature  of 
ultramarine.  The  difficult  problem  as  to  the  constitution  of 
this  remarkable  coloured  compound  has  indeed  not  yet  been 
solved.  It  has  been  suggested  that  the  colouring  matter  of 
both  natural  and  artificial  ultramarine  is  a  double  compound  of 
a  sodium  aluminium  silicate  and  sodium  sulphide,  which  has 
been  variously   formulated  as  2Na2Al2Si20g,Na2S2  (Heumann) 

1  See  article  "Ultramarine,"  Thorpe's  Diet,  of  Applied  Chem.,  and  Abegg, 
Handbuch  (1906),  3,  120,  where  references  are  given  to  the  literature  of  the 
subject. 

2  Hofmann  and  Metzener,  Ber.,  1905,  38,  2482. 

^  See  Chabri^  and  Levallois,  Compt.  rend.,  1906,  143,  222. 
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and  Na^(NaS3Al)Al2(SiO^)3  (Brogger  and  Backstrom),^  the 
latter  formula  being  closely  analogous  to  that  of  haiiyne, 
Na2Ca(NaSO^Al)Al2(SiOj3,  a  mineral  which  is  also  characterised 
by  a  blue  colour.  The  existence  of  a  definite  compound  of  this 
formula  in  ultramarine  has,  however,  not  been  proved,  and  it 
has  been  suggested  that  the  blue  colour  is  due  to  some  com- 
paratively simple  substance,  possibly  elementary  sulphur, 
disseminated  throughout  a  colourless  medium.^ 

Hoffmann^  considers  that  the  colour  is  due  to  colloidal 
sulphur. 

Detection  and  Estimation  of  Aluminium. 

340  Aluminium  compounds  do  not  impart  any  colour  to  the 
non-luminous  gas-flame.  The  spark  spectrum  of  aluminium  has 
been  mapped  by  Thalen,  Kirchhofif,  and  Lecoq  de  Boisbaudran, 
and  its  spectrum  in  the  electric  arc  by  Liveing  and  Dewar 
and  by  Kayser  and  Runge.  The  last-named  investigators  found 
that  the  visible  portion  of  the  spectrum  did  not  contain  a 
single  line.  The  aluminium  bands  in  the  ultra-violet,  however, 
are  extremely  characteristic.  These  are  contained  in  the 
invisible  and  highly  refrangible  portions  of  the  spectrum  which 
are  only  seen  when  the  rays  are  allowed  to  fall  on  a  fluorescent 
substance.*  Alumina  also  shows  a  characteristic  spectrum  even 
in  the  arc. 

Aluminium  occurs  almost  always  combined  with  oxygen. 
Most  of  these  compounds  are  insoluble  in  water  ;  many  of  them, 
however,  are  decomposed  by  hydrochloric  acid,  the  alumina 
entering  into  solution.  Those  compounds  which  withstand  the 
action  of  acids  are  decomposed  by  fusion  with  sodium  carbonate 
and  treatment  of  the  fused  mass  with  hydrochloric  acid. 
Corundum,  spinel,  and  some  other  minerals  are  not,  however, 
decomposed  in  this  way,  but  must  be  fused  with  hydrogen 
potassium  sulphate. 

Aluminium  can  readily  be  separated  from  all  other  metals.  It  is 
not  precipitated  from  its  acid  solutions  by  sulphuretted  hydrogen, 
whereas  it  is  completely  thrown  down  as  the  hydroxide  by 
ammonia  and  ammonium  sulphide,  and  thus  can  be  readily 
separated  from  the  metals  of  the  alkalis  and  alkaline  earths.    It  is 

1  Zeit.  Kryat.  Min.,  1891,  18,  209.         ^  Abegg,  Handhuch  (1906),  3,  128. 
3  Zeit.  Gliem.  Ind.  KoUoide,  1912,  10,  275. 

*  Stokes,  "  On  the  Long  Spectrum  of  the  Electric  Arc,"  Phil.  Tram.,  1862, 
152,  599. 
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distinguished  from  most  of  the  metals  precipitable  by  ammonium 
sulphide,  inasmuch  as  its  hydroxide  is  soluble  in  caustic  alkalis. 
This  property  it  possesses  in  common  with  the  hydroxides  of 
zinc,  chromium,  and  glucinum.  The  first  of  these  metals 
is  precipitated  from  the  alkaline  solution  by  sulphuretted 
hydrogen,  and  chromium  hydroxide  is  only  soluble  in  the 
cold,  and  is  precipitated  on  boiling.  If  to  the  solution  from 
which  the  zinc  and  chromium  have  thus  been  separated, 
hydi'ochloric  acid  and  then  ammonia  be  added,  the  aluminium 
is  precipitated.  This  precipitate  may,  however,  still  contain 
glucinum  hydroxide,  which  must  be  dissolved  by  digesting  it 
with  ammonium  carbonate  or  sodium  bicarbonate  (p.  620). 
When  the  oxide  is  strongly  heated  with  a  salt  of  cobalt  a  bright 
blue  mass  is  obtained. 

For  quantitative  estimation,  aluminium  is  precipitated  as 
hydroxide,  and  then  converted  into  the  oxide  by  strong  ignition. 

The  Atomic  Weight  of  aluminium  was  first  determined  by 
Berzelius  in  1812,  who  found  that  100  parts  of  the  anhydrous 
sulphate  yielded  29934  parts  of  pure  alumina,  according  to 
which  the  atomic  weight  is  tl'l}  Tissier  ^  found  the  number  27 
by  the  conversion  of  the  metal  into  the  nitrate  and  then  into  the 
oxide,  and  Dumas  ^  27'3  by  the  analysis  of  the  chloride.  The  most 
reliable  determinations  are  due  to  Mallet,*  who  employed  three 
distinct  methods  :  the  ignition  of  ammonium  alum,  which  gave 
the  number  26'89  ;  the  analysis  of  the  bromide,  from  which 
the  atomic  weight  appeared  to  be  26'91 ;  and  finally,  the  direct 
determination  of  the  equivalent  to  hydrogen.  This  last  set  of 
experiments  was  carried  out  by  dissolving  pure  aluminium  in 
concentrated  aqueous  soda  and  collecting  and  measuring  the 
dry  hydrogen  produced.  He  thus  found  that  3'352  grm.  of 
aluminium  yielded  4161"6  c.c.  at  the  normal  temperature  and 
pressure  (in  45°  north  latitude).  According  to  this,  the  equiva- 
lent of  aluminium  is  8969  and  the  atomic  weight  26'91.  In  a 
second  series  of  less  reliable  experiments  the  hydrogen  was 
burned  and  the  water  weighed.  Finally  Thomsen^  determined 
the  ratio  Al :  H  and  Al :  0  independently  by  dissolving  metallic 
aluminium  in  concentrated  caustic  potash  solution  and  finding 
the  weight  of  hydrogen  evolved  and  the  weight  of  oxygen 
required  to  burn  the  hydrogen.     He  used  a  somewhat  impure 

'  Pogg.  Ann.,  1812,  8,  187.  2  Compt.  rend.,  1858,  46,  1105. 

^  Ann.  Ohim.  Phys.,  1859,  [3],  55,  151.  ■«  Phil.  Trans.,  1880,  171,  1003. 

^  Zeit.  anorg.  Ohem.,  1896,  11,  14  ;  1897, 15,  447. 
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aluminium  and  after  allowing  for  the  effect  of  the  impurity, 
obtained  somewhat  lower  numbers  than  Mallet — 

Al :  H  =  26-770 : 1 ;  Al :  O  -  26-992  :  16. 

The  most  probable  value  is  at  present  (1913)  taken  as 
27-1. 

GALLIUM.    Ga  =  69-9. 

341  This  metal,  the  eka-aluminium  of  Mendeleefif  (p.  68)  was 
discovered  in  1875  by  Lecoq  de  Boisbaudran  by  means  of 
spectrum  analysis.  He  found  the  new  element  in  the  zinc  blende 
of  Pierrefitte  in  the  Pyrenees  and  patriotically  gave  to  it  the 
name  which  it  now  bears.  It  is  found  also  in  the  blende  from 
other  localities.  Thus  a  yellow  transparent  blende  from  the 
Asturias  and  a  black  blende  from  Bensberg  contain  it,  and  that 
from  Bensberg,  although  the  richest,  contains  only  16  mgr.  of 
gallium  per  kilo. ;  it  occurs  also  in  a  grey  zinc  ore  found  at 
Fulwood,  New  South  Wales.^ 

An  examination  of  the  spectrum  yielded  by  a  large  number 
of  minerals  in  the  oxyhydrogen  flame  has  revealed  the  fact  that 
gallium,  like  lithium  and  rubidium,  is  very  widely  distributed 
in  nature,  although  present  only  in  very  minute  quantities.  It 
occurs,  for  example,  in  a  large  number  of  iron  ores,  from  which 
it  passes  into  the  iron  prepared  from  them,  so  that  Middles- 
brough cast  iron  contains  as  much  as  1  part  of  gallium  in 
33,000  parts  and  is  the  richest  source  of  this  element  known.^ 
It  also  occurs  constantly  in  bauxite  and  the  aluminium  salts 
prepared  from  it,  as  well  as  in  kaolin,  and  in  zinc  blende, 
and  is  occasionally  found  in  pyrites  and  manganese  ores.  It 
is  present  also  in  all  meteoric  irons,  but  not  in  all  meteorites.^ 

In  order  to  prepare  gallium,  the  ore,  according  to  its  physical 
character,  is  dissolved  either  in  aqua  regia,  hydrochloric  acid, 
or  sulphuric  acid,  and  the  solution  decomposed  by  means  of 
metallic  zinc.  The  precipitate  thus  thrown  down,  which  contains 
most  of  the  foreign  metals  present  in  the  blende,  is  then  treated 
with  hydrochloric  acid,  and  the  liquid  again  precijiitated  with 
zinc  in  the  cold.  As  soon  as  the  evolution  of  hydrogen  becomes 
feeble   the   solution   is   poured   off  from    the   precipitate   and 

1  Kirklaud,  Au3tr.  Assoc.  Adv.  Sci.,  1893,  266. 

^  Hartley  and  Ramage,  Proc.  Roy.  Sac,  1897,  60,  35,  393  ;  Jouru.    Chem. 
Soc,  1897,  71,  533,  547. 
''  Sci.  Proc.  Boy.  Dublin  Soc,  1898,  N.S.,  8,  703. 
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saturated  with  sulphuretted  hydrogen,  the  precipitate  filtered 
off,  the  excess  of  sulphuretted  hj'drogen  expelled,  and  the 
liquid  fractionally  precipitated  with  sodium  carbonate  in  the 
cold  until  the  precipitate  thrown  down  no  longer  exhibits  the 
gallium  line  when  examined  with  the  spectroscope.  It  is  then 
dissolved  in  sulphuric  acid,  gently  heated  until  the  excess  of 
sulphuric  acid  is  almost  completely  removed,  the  residue  treated 
for  some  time  with  cold  water,  and  the  solution  diluted  with 
water,  and  then  heated  to  boiling,  when  basic  gallium  sulphate 
separates  out,  which  must  be  filtered  off  whilst  hot.  This  pre- 
cipitate is  dissolved  in  a  small  quantity  of  sulphuric  acid ;  to 
this  liquid  a  slightly  acid  solution  of  ammonium  acetate  is 
added,  sulphuretted  hydrogen  passed  through  to  saturation,  the 
solution  filtered,  and  the  filtrate,  diluted  with  water,  heated  to 
boiling,  the  precipitate  which  forms  being  washed  with  boiling 
water.  This  is  then  dissolved  in  a  small  quantity  of  sulphuric 
acid,  a  slight  excess  of  alkali  added,  and  the  alkaline  solution 
submitted  to  electrolysis.  Metallic  gallium  is  thus  deposited  at 
the  negative  pole,  and  in  order  to  obtain  it  in  the  perfectly  pure 
state  it  is  treated  with  warm  dilute  nitric  acid  free  from  chlorine. 
Sixty-two  grms.  of  gallium  were  exhibited  in  the  Paris  Ex- 
hibition of  1878,  having  been  prepared  from  2,400  kilos,  of 
blende  by  Lecoq  de  Boisbaudran  and  Jungfleisch.^ 

Metallic  gallium  possesses  a  bluish-white  colour,  and  has  the 
remarkable  property  of  fusing  at  SOI".  The  molten  metal 
possesses  the  colour  of  silver  and  remains  liquid  for  many 
weeks  at  the  ordinary  temperature,  and  even  when  exposed  to 
0°.  If,  however,  the  globule  be  touched  with  a  small  fragment 
of  solid  gallium  it  at  once  solidifies,  forming  pyramidal  crystals, 
probably  belonging  to  the  monoclinic  system. 

Gallium  is  tough  and  may  be  cut  with  a  knife  ;  the  molten 
metal,  when  brought  on  to  glass,  covers  the  surface  with  a  bright 
mirror-like  deposit,  and  oxidises  on  exposure  to  the  air.  It  is  not 
volatile  at  a  red-heat,  and  only  a  thin  film  of  oxide  is  formed  on 
the  surface.  Its  specific  gravity  is  5-9,  and  its  specific  heat 
0-080.  It  is  easily  soluble  in  dilute  hydrochloric  acid  and  caustic 
potash  with  evolution  of  hydrogen.  It  is  scarcely  attacked  by 
dilute  nitric  acid  in  the  cold,  but  on  heating  it  slowly  dissolves 
with  evolution  of  red  vapours.  If  a  neutral  solution  "of  gallium 
chloride  is  warmed  with  zinc,  gallium  oxide,  or  a  basic  salt 
separates  out,  but  not  the  metal. 

'  Oom^t.  rend.,  1878,  86,  475. 
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GALLIUM  COMPOUNDS. 

342  Gallium  Oxide,  Ga.jOg,  is  a  white  mass,  which  is  reduced 
to  the  metal  by  hydrogen  at  a  bright  red  heat.  The  hydroxide 
is  a  white  precipitate  insoluble  in  water,  but  readily  soluble  in 
potash,  and  somewhat  less  so  in  ammonia. 

Gallium  Trichloride,  GaClg. — Like  aluminium,  but  unlike 
indium,  gallium  yields  the  trichloride  when  heated  in  hydrogen 
chloride  as  well  as  in  chlorine,  long  needle-shaped  crystals  being 
deposited  in  the  tube  close  to  the  flame.  It  is  a  Very  deli- 
quescent substance  and  dissolves  in  a  small  quantity  of  water 
to  form  a  clear  liquid,  which  on  the  further  addition  of  water 
becomes  turbid  from  deposition  of  a  basic  salt.  It  melts  at 
75"5°,  and  boils  at  215-220°.  The  vapour  density  of  gallium 
chloride,  as  determined  by  the  air-displacement  method,  is  6'1 
between  440-606°,  and  corresponds  to  the  formula  GaClg.  Like 
aluminium  chloride  its  density  near  the  boiling  point  is  some- 
what higher  than  this,  being  8'8  at  350°.^ 

Gallium  Bichloride,  GaClj,  is  obtained  by  the  action  of  the 
metal  on  the  trichloride  and  melts  at  164°,  forming  a  limpid  re- 
fractive liquid  which  boils  at  535°.  The  specific  gravity  of  its 
vapour  is  4'8  at  1,000°,  corresponding  to  the  formula  GaClg. 

Gallium  Sulphate  is  also  very  soluble  but  non-deliquescent. 
It  combines  with  ammonium  sulphate  to  form  an  alum, 
Ga2(SO^)3,(NH^)2SO^,24H20,  which  crystallises  in  combinations 
of  the  cube  and  octahedron.  If  its  solution  is  boiled  a 
precipitate  is  produced  consisting  probably  of  basic  sulphate. 

Gallium  Nitrate  is  also  a  soluble  well-crystallised  salt. 

The  best  means  of  detecting  gallium  is  the  spark  spectrum 
of  the  chloride  or  other  salt.  This  consists  of  two  violet  lines 
(4171,  4031),  of  which  the  brightest,  Gaa,  lies  a  little  more  to- 
wards the  blue  than  the  line  In/3,  and  the  second  Ga/8  rather 
more  towards  the  violet  than  K^S.  In  the  non-luminous  gas-flame 
the  chloride  gives  only  a  very  slight  indication  of  the  line  Gaa. 

The  Atomic  Weight  of  gallium  has  been  determined  by  Lecoq 
de  Boisbaudran  ^  by  igniting  the  ammonium  alum,  and  also  by 
dissolving  the  metal  in  nitric  acid  and  igniting  the  residue,  the 
oxide  obtained  in  both  cases  being  weighed.  The  first  deter- 
mination gave  the  atomic  weight  69'6,  and  the  second  69'2. 
The  number  at  present  (1913)  adopted  is  699. 

^  Nilson  and  Pettersson,  Journ.  Chem.  Soc,  1888,  53,  824. 
2  Bull.  Soc.  chim. ,  1878,  29,  9. 
VOIi.  11,  3  0 
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INDIUM.  In  =  II4-8. 

343  This  metal  was  discovered  in  Freiberg  zinc  blende  in  the 
summer  of  the  year  1863  by  Reich  and  Richter  by  means  of 
spectrum  analysis.^  Indium  also  occurs  as  sulphide  in  other 
zinc  blendes,  although  present  only  in  very  small  quantity.  It 
has  also  been  detected  spectroscopically  in  a  manganese  ore  of 
Spanish  origin  and  in  a  number  of  samples  of  siderite,  which 
were  obtained  from  various  localities  and  all  contained  man- 
ganese.^ ■  In  order  to  prepare  indium  it  is  best  to  employ  metallic 
zinc,  such  as  that  from  Freiberg,  which,  however,  does  not  contain 
more  than  O'l  per  cent.  The  metal  is  treated  with  such  a 
quantity  of  hydrochloric  acid  that  a  small  portion  remains 
undissolved,  and  when  the  solution  is  allowed  to  stand  for  two 
or  three  days  the  whole  of  the  indium  is  found  to  be  precipitated 
on  the  residual  zinc.  The  metallic  powder  is  then,  washed  off 
from  the  zinc,  and  a  few  drops  of  dilute  sulphuric  acid  are  added 
to  dissolve  any  basic  zinc  chloride  which  may  be  formed ;  the 
spongy  metal  is  well  washed  with  hot  water,  then  treated  with 
nitric  acid,  and  the  acid  solution,  without  filtration,  is  boiled 
down  with  an  excess  of  sulphuric  acid  until  all  the  nitric  acid  is 
driven  off.  The  solution  is  then  filtered,  the  residue  well 
washed,  and  a  large  excess  of  ammonia  added  to  the  filtrate. 
The  zinc,  cadmium,  and  copper  remain  in  solution  whilst 
the  whole  of  the  indium,  together  with  iron,  lead,  and  a  small 
quantity  of  zinc,  cadmium,  and  copper,  remains  behind.  After 
being  well  washed,  the  residue  is  dissolved  in  a  small  quantity 
of  hydrochloric  acid,  an  excess  of  hydrogen  sodium  sulphite 
added,  and  the  solution  boiled  until  it  no  longer  smells  of 
sulphur  dioxide.  A  precipitate  is  thus  obtained  of  basic  indium 
sulphite,  which  for  further  purification  may  be  dissolved  in 
sulphurous  acid  ;  on  boiling  this  solution  the  pure  salt  separates 
out,8  and  this  when  strongly  heated  decomposes,  leaving  a 
residue  of  indium  trioxide.  The  oxide  can  then  be  reduced  to 
metal  by  ignition  in  a  current  of  hydrogen  or  by  fusion  with 
sodium.  The  latter  method  appears  to  be  the  best  suited  for 
the  preparation  of  large  quantities.  For  this  purpose  the  finely- 
divided  oxide  is  placed  in  layers  in  a  crucible  with  thin  slices  of 
sodium,  the  mixture  pressed  down  and  then  covered  with  a  thick 

1  /.  pr.  Ghem.,  1863,  89,  444  ;  90,  172  ;  1864,  92,  480. 

2  Hartley  and  Ramage,  Journ.  Ghem.  Soc,  1897,  71,  533. 
^  Bayer,  Annakn,  1871,  158,  372. 
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layer  of  anhydrous  sodium  chloride.  The  porcelain  crucible  is 
next  placed  in  a  Hessian  crucible  provided  with  a  cover,  and 
heated"first  gently  and,  as  soon  as  the  reaction  is  over,  to  a 
moderate  red-heat.  The  brittle  alloy  which  is  then  obtained  is 
boiled  several  times  with  water,  washed  with  alcohol  and  ether, 
and  again  fused  under  a  laj^er  of  potassium  cyanide.  The 
regulus  is  still  not  quite  free  from  sodium,  and  in  order  to 
remove  these  traces  it  is  thrown,  in  small  pieces,  into  fused 
sodium  carbonate,  and  the  metal  thus  obtained  in  the  pure 
state.^ 

The  pure  metal  may  also  be  separated  electrolytically  from 
solutions  of  the  chloride  or  nitrate  containing  pyridine, 
hydroxylamine,  or  formic  acid,^  or  from  a  solution  of  the 
sulphate.^ 

Indium  is  a  white  metal,  easilj'  malleable  and  softer  than 
lead.  It  is  obtained  crystallised  in  regular  octahedra  ■*  by  the 
electrolysis  of  the  sulphate,  a  branched  metallic  "  tree  "  being 
formed.  Its  specific  gravity  at  13°/4°  is  7'12,  and  its  melting 
point  155°  It  retains  its  metallic  lustre  in  the  air  and  even 
in  boiling  water.  Heated  on  charcoal  before  the  blowpipe  it 
colours  the  flame  blue  and  gives  an  incrustation  of  the  oxide. 
It  dissolves  slowly  in  hydrochloric  and  dilute  sulphuric  acids, 
but  readily  in  nitric  acid. 


INDIUM  COMPOUNDS. 

344  Indium  Oxide,  InjOg,  is  a  pale  yellow  powder,  which  on 
heating  becomes  brown,  but  regains  its  original  colour  on  cooling. 
After  ignition  it  dissolves  only  slowly  in  cold  dilute  acids,  but 
quickly  when  the  acid  is  warmed.  According  to  Renz,^  two 
other  modifications  of  the  amorphous  oxide  are  formed  when 
the  yellow  oxide  is  very  strongly  heated,  both  of  these  being 
white  powders,  one  soluble  and  the  other  insoluble  in  dilute 
acids.  The  oxide  begins  to  volatilise  perceptibly  at  about  1000° 
and  becomes  partially  crystalline  (Thiel).  It  appears  to  melt  at 
a  higher  temperature  than  alumina. 

1  Winkler,  /.  pr.  Ghem.,  1867,  102,  273 

2  Dennis  and  Geer,  Ber.,  1904,  37,  9G1. 

'  Thiel,  Zeit.  anorg.  Chem.,  1904,  40,  280. 
*  Sachs,  Zeit.  Kryst.  Min.,  1903,  38,  495. 

=  Ber.,  1903,  36,  1847.     Compare  Thiel,  Zeit.  anorg.  Chem.,  1904,  40,  324  ; 
Meyer,  ibid.,  1905,  47,  281. 
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Indium,  Hydroxide,  In(0H)3,  is  formed  when  ammonia  or 
dimethylamine  is  added  to  a  soluble  indium  salt.  The  hydroxide 
is  thrown  down  as  a  gelatinous  precipitate,  which  on  boiling 
becomes  heavy  and  dense,  and  when  heated  is  easily  converted 
into  the  oxide.  It  dissolves  in  caustic  potash,^  but  not  in 
ammonia,  and  readily  forms  colloidal  solutions  in  the  absence  of 
electrolytes.  When  the  oxide  is  heated  in  a  current  of  hydrogen 
at  300°  a  black  pyrophoric  powder  is  obtained,  which  appears  to 
contain  the  lower  oxide,  InO. 

Indium  Trichloride,  InClg. — The  metal  burns  at  a  dull  red 
heat  in  a  current  of  chlorine,  evolving  a  greenish-yellow  light 
wibh  formation  of  the  chloride.  The  same  compound  is  easily 
formed  by  heating  the  oxide,  mixed  with  charcoal,  in  chlorine. 
It  sublimes  at  about  446°  in  the  form  of  soft  colourless  plates,  is 
extremely  deliquescent,  and  dissolves  in  water  with  a  hissing 
noise  and  evolution  of  heat.  On  evaporating  the  solution  an 
insoluble  basic  salt  is  obtained.  The  vapour  density  of  indium 
trichloride  was  found  by  V.  and  C.  Meyer  ^  at  a  bright  red 
heat  to  be  7'87,  corresponding  to  the  formula  InClg.  An  oxy- 
chloride,  InOCl,  is  formed  as  a  white  powder  by  the  action  of 
chlorine  and  oxygen  on  the  dichloride  (Thiel). 

Indiicin  Dichloride,  luClj,  is  obtained  as  a  white  radiating 
crystalline  mass  by  heating  the  metal  in  a  current  of  hydrogen 
chloride.  The  vapour  density  of  the  dichloride  has  been 
shown  by  Nilson  and  Pettersson  ^  to  be  6-43  at  1300°,  corre- 
sponding to  the  above  formula.  This  compound  is  decomposed 
by  water  with  formation  of  the  trichloride  and  separation  of 
metallic  indium  : 

3InCl2  =  2InCl3-Mn. 

Indium  Monochloride,  InCl,  was  prepared  by  the  above-named 
chemists  by  distilling  the  vapour  of  the  dichloride  over  the 
requisite  amount  of  metallic  indium  ;  combination  takes  place, 
and  the  monochloride  is  obtained  in  the  form  of  a  mass 
resembling  haematite,  which  melts  to  form  a  blood-red  liquid 
and  can  readily  be  vaporised.  Its  vapour  density  was  found 
to  be  5-5-5-3  at  1100-1400°.  The  monochloride  undergoes  a 
similar  decomposition  to  the  dichloride  when  brought  into 
contact  with  water,  the  trichloride  and  metallic  indium  being 
formed : 

3InCl  =  InCl3-|-2In. 

1  See  Renz,  Ber.,  1901,  34,  2763.  2  Ber.,  1879,  12,  611. 

3  Jo%im.  Ohem.  Sec,  1888,  53,  814. 


INDIUM  SULPHIDE  757 


Indium  combines  also  with  bromine  and  iodine  when  heated 
in  the  vapours  of  these  elements.  The  three  bromides  closely 
resemble  the  chlorides,  and  the  tri-iodide  is  a  yellow  crystalline 
mass,  which  on  heating  melts  to  form  a  reddish-brown  liquid. 
A  sparingly  soluble  fluoride,  InFg,  crystallising  with  QH^O  or 
3H.,0,  is  formed  when  the  oxide  is  dissolved  in  hydrofluoric  acid.^ 

Indium  Nitrate,  2In(N03)3,9H20,  forms  deliquescent  needles 
soluble  in  both  water  and  absolute  alcohol.  These  on  heating 
are  easily  converted  into  a  basic  salt. 

Indium  Sulphide,  lUgSg. — Pure  indium  and  sulphur  combine 
together  at  a  temperature  near  redness,  with  evolution  of  heat, 
to  form  a  bright-red  infusible  mass,  which  is  also  produced 
when  the  oxide  is  heated  in  a  current  of  sulphuretted  hydrogen. 
This  gas,  passed  into  a  solution  of  an  indium  salt  which  is  not 
too  acid  or  too  concentrated,  precipitates  yellow  indium  sulphide, 
which  on  heating  with  ammonium  sulphide  is  converted  into 
the  white  hydrosulphide  and  is  soluble  in  concentrated  acids. 
A  lower  sulphide,  IngS,  has  been  obtained  mixed  with  a  little 
of  the  normal  sulphide,  by  heating  the  latter  in  hydrogen.  It  is 
a  black,  fusible  mass,  which  is  readily  soluble  in  warm  dilute 
acids  (Thiol). 

Basic  Indium  Sulphite,  In2(S03)3,In203,8H20,  is  a  crystalline 
powder,  the  preparation  of  which  has  been  already  described. 
It  dissolves  easily  in  aqueous  sulphurous  acid  and  separates  out 
on  evaporation  in  distinct  crystals. 

Indium  Sulphate,  Iw^i^O^^,  is  obtained  by  the  careful  evapora- 
tion of  a  solution  of  the  trioxide  in  an  excess  of  sulphuric  acid, 
in  the  form  of  a  white  powder  very  soluble  in  water.  On  strongly 
heating  it  is  converted  into  an  insoluble  basic  salt.  On  evapo- 
rating the  acid  solution  over  sulphuric  acid,  deliquescent  crys- 
tals of  the  acid  salt  having  the  composition  H2lnjfSOj)^,8H20 
are  deposited. 

Indium  Ammoniimi  Alum,  In2(SO^)3,(NH^),2SO^,24H20,  is 
deposited  in  well-defined  regular  octahedra,  which  dissolve 
at  16°  in  half  their  weight,  and  at  30°  in  about  a  quarter  of 
their  weight  of  water,  and  melt  at  36°.^  If  a  solution  is  allowed 
to  crystallise  at  this  temperature  crystals  of  the  hydrate, 
In2(SOJ3,(NHj2SO^,8H20,  separate  out. 

The  sulphates  of  potassium  and  sodium  form  analogous  salts 

'  Thiel,  Zeit.  aiiorg.  Chem.,  1904,  40,  331  ;  Chabri(S  and  Bouchonnet,  Gompt. 
rend,,  1905, 140,  90. 
2  Rossler,  J.  pr.  Chem.,  1873,  [2],  7,  14. 


758  INDIUM 


containing  8  molecules  of  water,  but  do  not  yield  true  alums, 
whilst  caesium  and  rubidium  yield  alums  of  the  normal  com- 
position.^ 

Detection  and  Estimation  of  Indium. 

345  The  indium  compounds  are  distinguished  inasmuch  as 
when  moistened  with  hydrochloric  acid  they  tinge  the  non- 
luminous  gas-flame  a  dark  blue  colour.  The  spectrum  consists 
of  an  intense  indigo-blue  line,  Ina  4511,  and  a  less  intense 
violet  line,  In/3  4102.  It  is  from  this  property  that  the  metal 
derives  its  name. 

When  heated  on  charcoal  with  sodium  carbonate  indium  com- 
pounds yield  white  beads  of  the  metal  and  a  yellow  incrustation  of 
oxide.  Very  small  quantities  (000024  mgrm.)  of  indium  can 
be  detected  microchemically  by  the  formation  of  a  double 
chloride  of  indium  and  rubidium  which  crystallises  in  colourless 
rhombic  octahedra.^  Zinc  precipitates  metallic  indium  from 
solutions  of  its  salts.  Caustic  soda  and  potash  precipitate  the 
hydroxide,  which  partly  dissolves  in  an  excess,  but  is  completely 
deposited  again  on  boiling ;  it  is  insoluble  in  ammonia.  This 
reaction  is  employed  for  the  separation  of  indium  from  the  other 
metals,  as  are  also  the  formation  of  the  insoluble  basic  sulphite 
(p.  754),  the  precipitation  of  a  sulphide  of  indium  which  is 
insoluble  in  dilute  acids,  and  the  production  of  a  precipitate 
with  pyridine.^ 

The  Atomic  Weight  of  indium  has  been  determined  by  Reich 
and  Richter,  as  well  as  by  Winkler  *  and  Bunsen,^  by  converting 
the  metal  into  the  oxide.  By  dissolving  in  nitric  acid  and 
heating  the  nitrate  Winkler  obtained  the  number  113  6,  whilst 
Bunsen  obtained  the  number  113'8  (0  =  16).  The  experiments 
of  Thiel,^  who  used  comparatively  large  amounts  of  carefully 
purified  material,  have  shown  that  all  these  numbers  are  con- 
siderably too  low,  and  that  conversion  of  the  metal  into  oxide 
is  attended  by  considerable  difficulties.  The  analysis  of  the 
chloride  gave  the  number  115-05,  whilst  that  of  the  bromide 
gave  114-81.     The  analysis  by  Mathers^  of  these  same   salts 

1  Chabrie  and  Rengade,  Gompt.  rend.,  1900,  131,  1300;   1901,  132,  472. 

2  Kley,  Chem.  Zeit.,  1901,  25,  563;  see  also  Huysse,  Zeif.  anal.  Chem., 
1900,  39,  9. 

■'  Dennis  and  Geer,  Ber.,  1904,  37,  961.  *  Jahresh.,  1867,  260. 

•^  Pogg.  Ann.,  1870,  141,  1.  «  Zeit.  anorg.  Chem.,  1904,  40,  280. 

'  Ber.,  1907,  40,  1220. 


THALLIUM  759 


prepared  from  indium  purified  by  fractional  electrolysis,  gave 
the  numbers  114-88  and  114-86,  whilst  lower  and  less  reliable 
numbers  were  obtained  by  the  conversion  of  the  metal  into  the 
sulphate,  and  the  analysis  of  the  dichloride.  At  present  (1913) 
the  adopted  nunaber  is  114-8. 


THALLIUM.     Tl  =  204-o. 

346  Thallium  was  discovered  in  the  year  1861' by  Crookes  ^  in 
a  seleniferous  deposit  obtained  from  a  sulphuric  acid  manufactory 
at  Tilkerode  in  the  Harz.  Selenium  was  being  prepared  from 
this  deposit,  and  a  considerable  residue  was  left  when  the 
material  was  distilled.  This  was  supposed  at  first  to  contain 
tellurium,  but  examination  with  the  spectroscope  showed  that  a 
new  element  was  present  whose  spectrum  consisted  of  one  bright 
green  line,  whence  the  name  of  the  element,  from  daX\o<!,  a 
green  twig.  In  1862  Lamy,^  who  discovered  the  element  inde- 
pendently of  Crookes,  published  the  results  of  his  investigations. 
It  was  first  believed  that  this  element  was  a  non-metal  belonging 
to  the  sulphur  group,  but  it  was  afterwards  found  to  be  a  metal 
and  was  obtained  in  the  metallic  condition. 

Thallium  occurs  in  small  quantities  in  many  varieties  of 
iron  and  copper  pyrites,  and  in  a  few  micas  containing  lithium. 
The  mineral  crookesite,  discovered  by  Nordenskjold^  in  a  copper 
mine  at  Skrikerum,  in  Sweden,  contains : 

Tl  Se  Cu  Ag 

17-25         33-28        45-76        3-71   =   100-00. 

Thallium  is  also  found  in  the  mineral  lorandite,  TlAsSg,  which 
accompanies  realgar  in  Macedonia,*  and  occurs  in  traces  in  some 
iron  ores,  manganese  ores,  and  zinc  blendes.^ 

The  mineral  water  of  Nauheim,  near  Frankfort,  as  well  as 
that  of  many  other  mineral  springs,  contains  small  quantities  of 
thallium. 

For  the  purpose  of  preparing  thallium  it  is  best  to  employ  the 

'  "On  the  Existence  of  anew  Element,  probably  of  the  Sulphur  Group," 
Ohem.  Nev-s,  1861,  3,  193. 
^  Sociiti  Impiriale  des  Sciences  de  Lille,  May  2  and  16,  186-2. 
'  Annalen,  1868,  145,  127. 
*  Journ.  Ohem.  Soc,  1896,  70,  ii.,  30. 
^  Hartley  and  Ramage,  Journ.  Ohem.  Soc,  1897,  71,  533. 
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flue  dust  from  sulphuric  acid  works,  in  which  pyrites  containing 
thallium  is  burnt.  The  dust  which  contains  selenium,  arseni- 
ous  oxide,  and  small  quantities  of  many  other  metals  in  the  form 
of  oxides  or  sulphates,  is  repeatedly  boiled  out  with  water  acidu- 
lated with  sulphuric  acid,  the  solution  concentrated  and  the 
thallium  precipitated  with  zinc,  when  it  is  deposited  in  the  form 
of  needles  or  glittering  plates.  Thallium  may  be  obtained  in  a 
purer  condition  by  boiling  up  the  flue  dust  with  water,  and  add- 
ing hydrochloric  acid  or  common  salt  to  the  concentrated  clear 
solution.  The  precipitate  is  washed  and  gradually  dissolved  in 
half  its  weight  of  hot  sulphuric  acid,  and  then  heated  until  all 
the  hydrochloric  acid  and  the  greater  part  of  the  free  sulphuric 
acid  has  been  driven  off".  The  residue  is  next  dissolved  in  water, 
the  solution  treated  with  sulphuretted  hydrogen  for  the  purpose 
of  precipitating  mercury,  silver,  arsenic,  antimony,  and  bismuth, 
and  ammonia  then  added  to  the  filtrate  to  throw  down  any 
iron  or  alumina  which  may  still  be  present.  The  filtrate,  when 
concentrated,  yields  crystals  of  pure  thallium  sulphate,  from 
which  the  metal  may  be  obtained  by  deposition  on  zinc  or  by 
electrolysis.^  According  to  Bunsen,^  the  solution  of  zinc  sulphate 
obtained  at  the  Juliushutte,  at  Goslar,  contains  0'05  per  cent, 
of  thallium  chloride,  and  if  metallic  zinc  is  allowed  to  remain 
in  contact  with  the  solution,  copper,  thallium,  and  cadmium  are 
thrown  down  in  the  metallic  state.  The  precipitated  metals 
are  then  carefully  washed  with  water  and  digested  with  dilute 
sulphuric  acid  to  dissolve  the  last  two  metals.  If  potassium 
iodide  is  then  added  to  this  solution,  thallium  iodide  separates 
out,  and  this  on  treatment  with  potassium  cyanide  yields  pure 
metallic  thallium. 

It  is  stated  that  thallium  occurs  in  almost  all  specimens  of 
commercial  platinum,  sometimes  to  the  extent  of  Ol  per  cent.^ 

Pure  thallium  has  a  bluish-white  tint  and  a  lead-like  metallic 
lustre.  It  has  the  sp.  gr.  11-8,  and  is  crystalline,  and  so  soft 
that  it  may  be  marked  with  the  nail  and  leaves  a  streak  on 
paper.  It  is  malleable,  but  possesses  little  tenacity,  and  can 
only  with  difficulty  be  filed  or  sawn,  as  the  particles  stop  up  the 
interstices  of  the  tool.  It  appears  to  exist  in  two  modifications, 
the    transition   temperature   being   226°;    it   melts   at   303°,* 

1  See  also  Forster,  Zeit.  anorg.  Chem.,  1897,  15,  71. 

2  Phil.  Mag.,  \8Q5,  [4],  29,  168. 

^  Warren,  Ohem.  News,  1887,  55,  241. 

"  Petrenko,  Zeit.  dnorg.  Chem.,  1906,  50,  133. 
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volatilises  at  a  very  high  temperature,  and  may  be  distilled  in 
a  current  of  hydrogen.  Its  vapour  density  ^  at  1728°  is  14'25, 
corresponding  with  the  molecular  formula  TI^.  The  densit}'  has 
not  yet  been  determined  at  a  series  of  different  temperatures, 
so  that  this  molecular  formula  can  only  be  considered  as  a 
superior  limit.  When  heated  before  the  blowpipe  it  oxidises, 
a  pale  reddish  vapour  being  evolved  which  possesses  a  peculiar 
smell.  It  decomposes  water  at  a  red  heat  and  dissolves  readily 
in  nitric  and  sulphuric  acids,  both  dilute  and  concentrated, 
whilst  it  is  less  readily  soluble  in  hydrochloric  acid.  It  is 
slowly  acted  upon  by  alcohol  in  presence  of  air  forming  an 
alcoholate,  which  is  liquid  at  ordinary  temperatures.  Thallium 
readily  forms  alloys  with  other  metals,  and  amalgamates  with 
mercury.  The  metal  is  usually  kept  under  glycerine  or 
petroleum  oil,  owing  to  its  oxidisability. 


THALLIUM  COMPOUNDS. 

347  Thallium  forms  two  distinct  series  of  compounds,  one  of 
the  type  RXg,  corresponding  with  the  position  of  the  metal  as  a 
member  of  the  aluminium  group,  the  other  of  the  type  RX, 
closely  analogous  in  many  respects  to  the  corresponding 
compounds  of  the  alkali  metals,  but  frequently  bearing  a 
strong  physical  resemblance  to  the  corresponding  compounds 
of  lead. 

Thallous  Compounds. 

348  Many  of  these  compounds  resemble  the  compounds  of  lead 
in  their  physical  properties.  Thus  the  halogen  compounds  (with 
the  exception  of  the  fluoride)  are  very  sparingly  soluble  in 
water,  and  the  sulphide  is  an  insoluble  black  powder.  On  the 
other  hand,  the  hydroxide,  the  sulphate,  and  the  carbonate  are 
all  soluble  in  water,  and  closely  resemble  the  corresponding 
potassium  salts ;  the  sulphate,  perchlorate,  and  phosphate 
are  moreover  isomorphous  with  the  corresponding  salts  of  that 
metal. 

Thallmm  Monoxide,  TljO.— When  the  metal  is  exposed  to 
the  air  its  surface  assumes  a  dull  grey  colour,  due  to  the 
formation  of  this  compound.     It  may  be  obtained  in  the  jiure 

'  Meyer  and  Biltz,  Ber.,  1889,  22,  725;  Biltz,  Math.  natw.  Mitt.  Berlin, 
1895,  37. 
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state  by  heating  the  hydroxide  in  absence  of  air  to  a  tempera- 
ture of  100°.  It  is  a  black  powder  melting  at  about  300°,  and 
dissolves  easily  in  water  with  the  formation  of  the  hydroxide. 
Bromine  converts  it  quantitatively  into  thallic  oxide. 

Thallous  Hydroxide,  TIOH,  is  formed  by  the  action  of  water 
upon  the  metal  in  presence  of  air.  In  order  to  prepare  it  in 
larger  quantity  a  solution  of  the  sulphate  is  precipitated  with 
the  necessary  quantity  of  baryta  water.  It  crystallises  in  long 
yellow  needles  having  the  formula  TlOH.HgO.  It  is  readily 
soluble  in  water,  and  the  solution  is  colourless  and  possesses  a 
strong  alkaline  reaction,  turning'  yellow  turmeric  paper  brown. 
This  brown  colour  disappears,  however,  after  some  time  as  the 
hydroxide  destroys  the  colouring  matter.  Hence  if  turmeric 
paper  is  written  upon  with  metallic  thallium  the  writing  at 
first  appears  brown  but  gradually  disappears  ^  (Erdmann). 

Rabe  -  has  prepared  an  oxide  having  the  formula  TIO,  by 
acting  on  a  solution  of  thallous  sulphate  with  HgOg  and 
potassium  hydroxide.     It  has  a  bluish-black  colour. 

Tliallous  Fluoride,  TIF,  is  formed  by  dissolving  the  carbonate 
in  hydrofluoric  acid.  It  crystallises  in  glittering  octahedra 
and  cube-octahedra.  It  dissolves  in  1'25  parts  of  water  at  15°, 
and  less  readily  in  boiling  water.  It  melts  on  heating,  and  may 
readily  be  sublimed  in  a  current  of  hydrogen  fluoride. 

Thallium  Hydrogen  Fluoride,  TlHFj,  is  formed  by  allowing  a 
solution  of  the  fluoride  in  aqueous  hydrofluoric  acid  to  evapor- 
ate in  a  vacuum  over  sulphuric  acid.  It  crystallises  in  similar 
forms  to  thallous  fluoride,  and  dissolves  in  its  own  weight  of 
water. 

Thallium  Monochloride  or  Thallous  Chloride,  TlCl,  is  formed 
when  the  metal  burns  in  chlorine,  and  separates  out  when 
hydrochloric  acid  is  added  to  a  tolerably  concentrated  solution 
of  a  soluble  thallium  salt,  forming  a  white  curdy  precipitate 
which  assumes  a  violet  tint  on  exposure  to  light  (Hebberling). 
It  crystallises  from  hot  saturated  solutions  in  the  form  of  cubes, 
and  melts  easily,  yielding  a  yellowish  liquid  which  on  cooling 
solidifies  to  a  white,  shining,  crystalline,  somewhat  fiexible  mass, 
having  a  specific  gravity  of  7-02  (Lamy)  and  boiling  at  719-731°. 
Its  vapour  density  has  been  found  to  be  8'5,^  correspond- 
ing  to  the  normal  molecular  weight.     According  to  Hebber- 

^  /.  pi:  Chem.,  1863,  89,  381. 

2  Zeit.  anorg.  Ghem.,  1908,  58,  23. 

3  RoBcoe,  Proc.  Boy.  8oc.,  1878,  27,  426. 
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ling  100  parts  of  water  dissolve  the  following  quantities  of  the 

salt : 

At  0°  16°  100' 

TlCl  0198  0-265  1-427. 

It  is  less  soluble  in  dilute  hydrochloric  acid,  and  hence  the 
salt  is  precipitated  from  aqueous  solution  on  addition  of  this 
acid.  It  is  scarcely  soluble  in  ammonia,  and  is  insoluble  in 
alcohol.     It  is  readily  converted  by  chlorine  into  thallic  chloride, 

Thallous  Bromide,  TlBr,  is  a  very  pale  yellow  precipitate 
less  soluble  than  the  chloride,  to  which  it  possesses  strong 
analogies.  Dry  bromine  does  not  attack  the  metal  so  readily 
as  chlorine,  but  in  presence  of  water  the  metal  is  readily 
dissolved. 

Thallous  Iodide,  Til,  is  formed  when  thallium  and  iodine  are 
heated  together.  It  may  also  be  obtained  by  precipitating  a 
solution  of  a  thallium  salt  with  potassium  iodide,  when  it  is 
thrown  down  as  a  beautiful  yellow  crystalline  powder,  which 
passes  at  168°  into  a  red  modification,  the  reverse  change 
occurring  on  cooling.  Both  forms  can  exist  in  the  metastable 
condition  through  a  large  range  of  temperature.^  The  red 
form  melts  at  190°.  When  precipitated  from  a  hot  solution 
containing  potassium  acetate  it  is  deposited  in  the  form  of 
microscopic  orange-yellow  cubes  or  cube-octahedra  (Werther). 
It  is  very  sparingly  soluble  in  cold  water,  1  part  requiring 
16,000  parts  for  its  solution,  whereas  it  dissolves  in  800  parts 
of  boiling  water.  It  separates  from  a  filtered  hot  solution  in 
water  and  from  saline  solutions  in  the  red  form,  which  then 
passes  very  slowly  into  the  stable  yellow  modification.^  It  is 
less  soluble  in  a  solution  of  potassium  iodide,  in  alcohol,  and  in 
dilute  acetic  acid  than  in  water  itself.  It  is  not  decomposed 
by  dilute  sulphuric  acid,  hydrochloric  acid,  or  caustic  potash. 
Nitric  acid,  however,  decomposes  it  with  evolution  of  iodine. 

Thallous  Chlorate,  TICIO3.— This  salt  is  formed  by  mixing 
equivalent  quantities  of  thallium  sulphate  and  barium  chlorate, 
filtering  and  concentrating  the  solution  ;  the  salt  then  separates 
out  in  microscopic  prisms  sparingly  soluble  in  cold  water 
(Thorpe). 

Thallous  Perchlorate,  TICIO^,  is  formed  by  dissolving  thallium 
in  aqueous  perchloric  acid,  or  by  precipitating  barium  perchlorate 

1  Gernez,  Gompt.  rend.,  1904,  138,  1695. 

2  Compt.  rend.,  1904,  139,  278. 
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with  thallous  sulphate.  It  crystallises  in  transparent  rhombic 
tablets,  isomorphous  with  potassium  perchlorate,  and  having  a 
specific  gravity  of  4'844  at  15'5°.  One  part  of  this  salt  dissolves 
at  15°  in  10  parts,  and  at  100°  in  0-06  part  of  water  ;  it  is  only 
slightly  soluble  in  alcohol  (Roscoe). 

Thallium  Monosulphide  or  Thallous  Sulphide,  TlgS,  is  a  black 
precipitate  formed  when  sulphuretted  hydrogen  is  passed  into 
an  alkaline  or  acetic  acid  solution  of  a  thallous  salt.  If  the 
solution  contains  a  trace  of  free  sulphuric  acid  the  sulphide 
separates  out  in  the  cold  in  microscopic  tetrahedra  (Hebberling). 
If  the  sulphide  or  a  mixture  of  the  metal  with  sulphur  is 
melted  in  absence  of  air,  a  black  glittering  mass  is  obtained  on 
cooling,  having  a  specific  gravity  of  about  8  and  a  general 
appearance  somewhat  like  graphite.  It  is  insoluble  in  water, 
alkalis,  ammonium  sulphide,  and  potassium  cyanide.  When  the 
sulphide  is  heated  to  150-200°  with  colourless  ammonium 
sulphide  it  crystallises  in  long  needles  of  metallic  appearance, 
or  in  thin  six-sided  plates.^  It  dissolves  with  difficulty  in  acetic 
acid,  but  readily  in  mineral  acids.  The  precipitated  sulphide 
oxidises  on  exposure  with  formation  of  sulphate,  and  when 
heated  in  a  current  of  hydrogen  is  reduced  to  thallium.  Black 
lustrous  prisms  of  a  compound,  TlgSj,  which  is  probably  thallous 
pentasulphide,  are  obtained  by  the  action  of  a  solution  of  am- 
monium polysulphide  on  thallous  chloride.^ 

Normal  Thallous  Sulphate,  TlgSO^. — This  salt  crystallises  in 
rhombic  prisms  isomorphous  with  potassium  sulphate  and  has 
a  specific  gravity  of  6'6.  100  parts  of  water  dissolve,  according 
to  Lamy,  as  follows  : 

At  18°  62°  lOr 

TlgSO,  4-8  11-5  _19-3. 

It  is  much  more  soluble  in  dilute  sulphuric  acid  than  in  water,^ 
and  melts  at  a  red  heat,  decomposing  in  the  presence  of  air 
with  evolution  of  sulphur  dioxide. 

Thallous  sulphate  readily  combines  with  other  sulphates  to 
form  double  salts  such  as  Tl^SO^iHgSO^jGHgO,  isomorph- 
ous with  the  analogous  potassium  compounds.  It  can  also 
replace  the  alkali  sulphates  in  the  alums.  Thus  thallium  alum, 
Tl3SO^,Al2(SOj3,24H20,  crystallises  in  bright  octahedra.     Thal- 

1  Stanek,  Zeit.  anory.  Chem.,  1898,  17,  117. 

2  Hofmann  and  Hochtlen,  Ber.,  1903,  36,  3090. 
^  Stortenbeker,  Bee.  trav.  chim.,  1902,  21,  87. 
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lium  iron  alum  and  thallium  chromium  alum  have  also  been 
prepared. 

Hydrogen  Thallous  Sidphate,  HTlSO^.SHjO,  crystallises  in 
short  thick  prisms,  which  melt  on  heating,  and  then  suddenly 
decompose  into  the  normal  sulphate  with  evolution  of  vapours  of 
sulphuric  acid.  The  anhydrous  compound  melts  at  115-120°. 
A  compound  of  the  formula  TI2SO4,  TIHSO^  has  also  been  de- 
scribed (Stortenbeker). 

Thallmis  Nitrate,  TINO3. — Nitric  acid  attacks  thallium  more 
easily  than  any  other  acid.  Thallium  nitrate  crystallises  in 
opaque,  white  rhombic  prisms,  having  a  specific  gravity  of  5'55  ; 
these  pass  at  72"8°  into  a  rhombohedral  form  and  at  142'5° 
into  a  regular  modification.^  The  crystals  melt  at  206"1°,  and 
the  fused  mass  solidifies  on  cooling  to  a  glass-like  solid.  It  de- 
composes rapidly  at  450°,  leaving  a  residue  of  thallic  oxide.^ 
100  pai'ts  of  water  dissolve,  according  to  Lamy  : 

At  18°  58°  107° 

TINO3  10-67  43-48  588-2. 

It  is  insoluble  in  alcohol. 

Phosphates  of  Thallium. — These  salts  are  isomorphous  with 
the  analogous  potassium  compounds. 

Normal  Thallous  Orthophosphate,  TigPO^,  is  obtained  in  the 
form  of  needle-shaped  crystals  by  precipitating  the  correspond- 
ing potassium  salt  with  a  thallium  salt.  It  is  also  formed  by 
the  precipitation  of  ordinary  sodium  phosphate,  but  this  pre- 
cipitation is  not  complete  (Lamy).  One  part  dissolves  at  15°  in 
201,  and  at  100°  in  149  parts  of  water  (Crookes).  It  is  easily 
soluble  in  ammoniacal  salts. 

MonoJiydrogen  Thallous  Orthophosphate,  HTlgPO^.HgO,  is 
formed  by  neutralising  a  boiling  solution  of  phosphoric  acid 
with  thallium  carbonate.  When  evaporated  to  a  syrup,  the 
concentrated  solution  deposits  rhombic  crystals.  These  lose 
their  water  at  200°,  and  when  they  are  heated  to  dull  redness 
a  glassy  mass  of  pyrophosphate  remains  behind. 

Dihydrogen  Thallo%t,s  Orthophosphate,  HgTlPO^. — This  salt  is 
obtained  when  phosphoric  acid  is  added  to  a  solution  of  the 
foregoing  salt  until  the  liquid  exhibits  a  distinctly  acid  reaction. 
It  crystallises   in  monoclinic   pearly   tablets,  dissolves  readily 

1  van  Eyk,  Proc.  K.  Akad.  Wet.  Amsterdam,  1900,  2,  1480 ;  3,  98 ;  Zeit. 
physilcal.  Chem.,  1905,  51,  721. 

2  Thomas,  Compt.  rend.,  1904,  138,  1697. 
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in  water,  and  on  ignition  is  converted  into  the  glassy  meta- 
phosphate. 

Normal  Thalloiis  Carbonate,  Tl^COg. — Thallium  hydroxide 
readily  absorbs  carbon  dioxide.  Thus  if  the  moistened  metal 
is  allowed  to  lie  exposed  to  the  air,  it  becomes  covered  with 
needle-shaped  crystals  of  the  carbonate.  This  salt  crystalhses 
from  solution  in  water  in  glittering  monoclinic  prisms,  which 
have  a  caustic  metallic  taste  and  an  alkaline  reaction.  100 
parts  of  water  dissolve,  according  to  Lamy  : 

At  18°  62°  100-8° 

TI2CO3  5-23  12-85  22-40. 

It  is  insoluble  in  alcohol.  It  fuses  on  heating  and  decomposes 
at  a  higher  temperature  with  evolution  of  carbon  dioxide. 

Hydrogen  Thallous  Carbonate  appears  not  to  be  known  in  the 
solid  state. 

Thallous  Cyanide,  TICN. — This  salt  is  obtained  by  mixing 
strong  solutions  of  potassium  cyanide  and  thallous  nitrate 
(Crookes).  It  separates  in  glittering  plates  not  very  soluble 
in  water.  When  heated  it  decrepitates  and  melts  easily, 
volatilising  when  strongly  heated  on  platinum  foil  without  reduc- 
tion and  without  acting  on  the  platinum.  It  is  readily  soluble 
in  potassium  cyanide  and  forms  crystalline  double  cyanides. 

Silicate  of  Thallium. — A  solution  of  the  hydroxide  when 
boiled  with  amorphous  silica  dissolves  this  substance,  and  when 
the  solution  is  evaporated  a  crystalline  mass,  having  the  com- 
position TlgSijQO23  =  3Tl2O,10SiO2,  and  also  containing  water, 
separates  out.  When  thallium  oxide  is  fused  with  silica  a 
yellow,  strongly  refracting  glass  is  obtained,  which  is  occasion- 
ally employed  in  place  of  lead  silicate  for  optical  glass. 


THALLIC  COMPOUNDS. 

349  Thallic  oxide,  like  alumina,  acts  as  a  weak  base.  The 
salts  with  colourless  acids  are  colourless,  and  are  as  a  rule 
hydrolysed  to  a  considerable  extent  in  aqueous  solution,  so 
that  many  of  them  decompose  when  their  solutions  are  largely 
diluted,  or  heated,  the  hydrated  oxide  being  deposited.  They 
are  reduced  by  metallic  thallium  to  thallous  salts  and  show  a 
greater  tendency  than  these  to  form  complex  salts.^ 

1  See  Spencer  and  Abegg,  Zeit.  anorg.  Chem.,  1905,  44,  379. 
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Thallmm  Trioxide,  TlgOg.- — -When  molten  thallium  is  plunged 
into  oxygen  it  takes  fire  with  formation  of  this  oxide.  At  a 
red-heat  this  is,  however,  converted  into  the  monoxide.  It 
is  also  obtained  by  passing  a  current  from  a  few  Bunsen 
elements  through  acidulated  water,  the  positive  pole  consisting 
of  metallic  thallium  which  then  becomes  covered  with  a  black 
deposit  of  this  oxide  ^  (Wohler)  : 

Tl2  +  3H20  =  Tl203+3H2. 

It  is  also  deposited  on  a  platinum  anode  as  a  coherent  film 
when  an  acid  solution  of  thallous  sulphate  containing  a  little 
acetone  is  electrolysed,^  and  this  separation  may  be  utilised  for 
the  gravimetric  estimation  of  thallium. 

Thallic  oxide  is  also  obtained  when  hydrogen  peroxide  is  added 
to  an  alkaline  solution  of  a  thallous  salt  and  the  resulting  pre- 
cipitate washed  with  alcohol  and  ether  and  dried  in  vacuo. 
When  cold  solutions  are  employed  the  oxide  is  brown,  has  the 
sp.  gr.  9'65,  and  is  readily  soluble  in  acids,  whereas  the  oxide  ob- 
tained from  hot  solutions  is  black,  has  the  sp.  gr.  10'19,  and  is 
only  slowly  attacked  by  acids.^  The  crystalline  oxide  obtained 
by  heating  the  nitrate,  however,  has  the  sp.  gr.  9'97.* 

As  usually  prepared,  the  oxide  forms  a  dark  reddish  powder 
which  is  insoluble  in  water  and  the  alkalis. 

Thallic  Hydroxide,  T1(0H)3. — If  a  hot  solution  of  thallous 
chloride  in  sodium  carbonate  is  mixed  with  one  of  sodium 
hypochlorite,  a  brown  precipitate  is  obtained  which  probably 
consists  of  amorphous  thallic  hydroxide,  but  on  drying  has  the 
composition  TIO(OH).  The  latter  compound  is  also  formed 
by  the  action  of  an  alkali  on  thallic  chloride.  When  treated 
with  hydrochloric  acid  it  evolves  chlorine  with  formation  of  a 
thallous  salt,  whereas  oxygen  is  given  off  when  it  is  heated 
with  concentrated  sulphuric  acid ;  on  heating  it  is  transformed 
into  the  trioxide  and  afterwards  into  the  monoxide.  If  thallic 
oxide  is  fused  for  some  time  with  potash  containing  a  little 
water,  thallic  hydroxide,  T1(0H)3,  is  left  on  treating  the  mass 
with  water  in  the  form  of  brown  hexagonal  plates,  which  are 
unaffected  at  a  temperature  of  340°.^ 

It  was  at  one  time  supposed  that  thallic  oxide  was  capable  of 

1  Annahn,  1868,  146,  243,  375. 
"■  Heiberg,  Zeit.  anory.  Chem.,  1903,  35,  347. 
3  Rabe,  Zeit.  anorg.  Chem.,  1906,  48,  427. 
•<  Thomas,  Gompt.  rend.,  1904,  138,  1697. 
■■■■  Carnegie,  Ohem.  News,  1889,  60,  113. 
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uniting  with  strong  bases  to  form  thallates,  as  it  was  observed 
that  when  thallic  hydroxide  was  suspended  in  caustic  potash 
and  a  current  of  chlorine  passed  in,  a  deep  reddish-violet  solu- 
tion was  formed.  It  was,  however,  found  that  the  coloration 
was  caused  by  the  presence  of  a  trace  of  manganese  in  the 
thallic  hydroxide  employed. 

Thallic  Chloride,  TICI3,  is  formed  when  the  monochloride  is 
treated  with  chlorine  under  water.  If  the  solution  is  evaporated 
at  60-70°  and  then  cooled,  deliquescent,  colourless  crystals  of 
the  hydrate  TlCl3,4H20  are  obtained,  which  pass  slowly  in  vacuo 
at  the  ordinary  temperature,  more  rapidly  at  55°,  into  the  mono- 
hydrate.  The  anhydrous  chloride  can  be  obtained,  according  to 
Thomas,  by  direct  dehydration  of  the  tetrahydrate  over  caustic 
soda  in  vacuo,  or  according  to  Meyer  by  the  decomposition  in 
vacuo  of  the  compound  TlCl3,(C2H5)20  obtained  by  the  action 
of  ether  on  the  tetrahydrate.  It  forms  a  hard  mass  consisting 
of  six-sided  crystals,  and  melts  at  24°.^ 

When  thallium  is  strongly  heated  in  chlorine  a  yellowish-brown 
mass  of  the  composition  TlClg.STlCl  is  formed,  and  this  can  also 
be  obtained  by  the  partial  reduction  of  thallic  chloride  and  by 
saturating  a  solution  of  this  chloride  with  thallous  chloride.  It  is 
sparingly  soluble  in  cold,  but  readily  in  hot  water,  separating 
from  this  solution  in  dark-yellow  six-sided  tablets,  strongly 
resembling  lead  iodide  in  appearance.  Many  compounds  inter- 
mediate in  composition  between  this  and  the  trichloride  have 
been  described,  but  according  to  Meyer,^  these  are  probably  solid 
solutions  of  thallous  chloride  in  thallic  chloride,  a  continuous 
series  being  possible  up  to  the  limit  of  composition  represented 
by  TlClg.STlCl. 

When  the  metal  is  treated  with  nitrosyl  chloride  the  compound 
T1C1,T1C13,2N0C1  is  formed.  If  an  alcoholic  solution  of  the 
trichloride  is  heated  with  alcoholic  ammonia,  a  white  crystalline 
precipitate  of  (NH3)3T1C13  separates  out ;  this  is  decomposed 
on  contact  with  water  with  formation  of  the  violet-coloured 
trioxide  : 

2(NH3)3TlCl3  +  8H2O  =  TI2O3  +  6NH,C1. 

The  chloride  also  forms  double  salts  with  the  chlorides  of 
ammonium  and  potassium. 

1  Meyer,  Zeit.  anorg.  Chew,.,  1900,  24,  321  ;  Thomas,  Compt.  raid.,  1902, 
135,  1051.     Compare  McClenahan,  Amtr.  J.  fid.,  1904,  (4),  18,  104. 

^  See  also  Cushman,  Amer.  Chem.  J.,  1900,  24,  222  ;  Thomas,  Gompt.  rend., 
1906,  142,  838. 
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Thallic  Bromide  has  not  been  obtained  m  the  anhydrous 
state,  but  the  monohydrate,  TlBrg.HoO,  is  known.  Like  the 
chloride  it  unites  with  the  corresponding  thallous  salt,  but 
forms  two  definite  compounds,  TlBr3,TlBr  and  TIBr3,3TlBr,  as 
well  as  a  series  of  solid  solutions,  all  crystallising  in  plates. 

A  large  number  of  chlorobromides  have  been  described,  which 
are  obtained  by  the  action  of  bromine  on  the  chloride  and  of 
chlorine  on  the  bromide,  as  well  as  by  reactions  between  the 
chlorides  and  bromides  themselves.^ 

Thallic  Sulphide,  TlgSg,  is  formed  when  the  metal  is  fused 
with  an  excess  of  sulphur.  It  is  a  black  amorphous  mass 
which  at  a  summer  temperature  is  soft  and  plastic  like  pitch. 
Below  12°  it  is  hard  and  brittle,  exhibiting  a  glassy  fracture. 

If  one  part  of  thallium  sulphate  is  fused  with  6  parts  of 
sulphur  and  6  parts  of  potassium  carbonate,  and  the  mass  treated 
with  water,  a  red  crystalline  powder  remains  behind  having  the 
composition  KTlSg.  This  substance  is  not  attacked  by  caustic 
potash,  but  decomposes  in  presence  of  acids. 

Thallic  Sulphate,  Tl2(SO^)3,  crystallises  on  evaporation  of  a 
solution  of  the  trioxide  in  warm  dilute  sulphuric  acid  in  the 
form  of  thin  colourless  tablets  containing  TH^O,  which  are 
decomposed  by  water  with  separation  of  the  hydrated  trioxide. 

It  very  readily  forms  the  basic  salt,  Tl(OH)(SOJ,2H20,  even  in 
presence  of  sulphuric  acid  (Marshall),  and  yields  the  acid 
salt,  T]2(S0J3,H2S0^,8H20,  when  an  excess  of  acid  is  present. 
This  acid  salt  is  decomposed  at  220°,  leaving  the  anhydrous 
sulphate  (Meyer  and  Goldschmidt). 

No  true  alums  have  as  yet  been  prepared  containing  thallic 
sulphate  in  place  of  aluminium  sulphate,  but  salts  of  the  type 
M2SO^,Tl2(SO^)3,8H20  have  been  prepared  containing  the 
sulphates  of  ammonium,  potassium,  and  rubidium.  Crystals 
of  ammonium  alum  have,  however,  been  obtained  containing 
variable  amounts  of  thallic  sulphate,  and  it  seems  probable, 
therefore,  that  thallic  sulphate,  like  the  sulphates  of  aluminium, 
gallium,  and  indium,  is  capable  of  forming  true  alums.^ 

A  number  of  complex  thallo-thallic  sulphates  have  been 
described.  The  simplest  of  these  has  the  composition 
Tl2SO^,Tl2(SOJ3,  and  is  formed   when  equivalent  amounts  of 

1  Ueyev,  Zeit.  anorg.  Chem.,  1900,  24,  321;  Cushman,  Amer.  Chem.  J., 
1900,  24,  222;  Thomas,  Compt.  rend.,  1900,  131,  892,  1208;  1901,  132,  80, 
1487  ;  1901,  133,  735 ;  1902,  134,  545 ;  1902,  135,  1051. 

'^  Piceini  and  Fortini,  Zeil.  anorg.  Chem.,  1902,  31,  451. 

VOL.  II.  ^1' 
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thallous  and  thallic  sulphate  are  dissolved  in  water  and  the 
solution  allowed  to  crystallise.^ 

Thallic  Nitrate,  T1(N03)3,3H20,  is  deposited  from  a  solution 
of  the  oxide  in  nitric  acid  in  colourless  deliquescent  crystals, 
which  decompose  on  heating  with  water. 

The  complex  salt,  2T1N03,T1(N03)3,  crystallises  in  prisms, 
melts  at  150°,  and  is  decomposed  by  moist  air.^ 

Detection  and  Estimation  of  Thallium. 

350  The  salts  of  thallium  are  poisonous,  and  the  soluble  salts 
possess  a  disagreeable  metallic  taste.  Their  presence  may  be 
readily  detected  by  the  beautiful  green  colour  which  they  impart 
to  a  non-luminous  gas-flame.  The  spectrum  of  this  flame  consists 
of  one  bright  green  line  having  a  wave-length  of  5351,  not 
coincident  with  any  line  in  the  solar  spectrum.  Thallium  may 
be  readily  separated  from  all  the  other  metals  by  treating  an 
acid  solution  with  sulphuretted  hydrogen,  filtering  off  the 
separated  sulphides,  and  precipitating  the  filtrate  with  sulphide 
of  ammonium,  which  throws  down  thallium  sulphide  as  a  black 
precipitate.  This  precipitate  may  contain  also  the  sulphides 
and  hydroxides  of  the  metals  of  the  iron  group ;  to  separate 
these,  it  is  washed,  dissolved  in  nitric  acid,  and  the  boiling 
solution  neutralised  with  sodium  carbonate ;  on  cooling,  chloro- 
platinic  acid  is  added,  when  a  pale  yellow  precipitate  of 
the  double  chloride  of  thallium  and  platinum,  2TlCl,PtCl4,  is 
thrown  down.  This  compound  dissolves  in  15,600  parts  of  cold 
water,  and  hence  may  be  employed  for  the  quantitative  esti- 
mation of  thallium.  Thallium  may  also  be  precipitated  by 
potassium  iodide  as  thallium  iodide,  which  in  presence  of  an 
alkali  iodide  is  altogether  insoluble  in  water. 

Several  other  methods  for  the  estimation  of  thallium  have 
been  proposed,  based  on  the  oxidation  of  thallous  to  thallic  salts, 
by  means  of  bromine,  iodine,  or  auric  bromide.^  As  already 
mentioned,  thallium  may  also  be  estimated  by  the  electrolytic 
deposition  of  thallic  oxide.  It  can  also  be  estimated  as  metal 
by  using  a  mercury  cathode  and  a  rotating  anode.     The  salts 

1  Lepsius,  Chem.  Centr.,  1891,  i.,  694.  See  also  Marshall,  Proc.  Roy.  Soe. 
Edin.,  1902,  24,  305  ;  Meyer  and  Goldsohmidt,  Ber.,  1903,  36,  238. 

2  Amer.  Chem.  J.,  1901,  26,  275. 

3  Marshall,  J.  Soc.  Chem.  Ltd.,  1900,  19,  994;  Thomas,  Compt.  rend.,  1900, 
130,  1316  ;  1902,  134,  655. 
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derived  from  volatile  acids  may  be  converted  into  sulphate  by 
careful  heating  with  sulphuric  acid,  and  the  thallium  weighed 
in  this  form.  Finally,  thallic  salts  may  be  precipitated  in 
neutral  solution  by  ammonia,  the  liquid  boiled,  and  the 
resulting  thallic  oxide  dried  at  60 — 70°  and  weighed. 

The  Atomic  Weight  of  thallium  has  been  determined  by 
Crookes '  by  converting  the  metal  into  the  nitrate.  Ten  ex- 
periments gave  numbers  lying  between  202'62  and  202"65 
(H  =  l).  The  corresponding  number  204'1  (0  =  16)  has  been 
confirmed  by  Lepierre,  who  analysed  thallic  oxide  and  thallous 
sulphate,  and  determined  the  amount  of  thallic  oxide  which 
could  be  obtained  from  a  thallous  salt.^  The  number  accepted 
now  (1913)  is  204-0. 

'  Phil.  Trail?.,  1873,  163,  277.  ^  Compl.  rend.,  1893,  116,  580. 
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Scandium,  Sc 
Yttrium,  Yt 
Lanthanum,  La 


Cerium,  Ce 
Dysprosium,  Dy 
Europium,  Eu 
Gadolinium,  Gd 
Neodymium,  Nd 
Praseodymium,  Pr 
Samarium,  Sa 
Terbium,  Tb 
Neo-ytterbiuni,  Yb 
Lutecium,  Lu 
Celtium,  Ct 


Erbium,  Er 
Holmium,  Ho 
Thulium,  Tm 


351  The  three  metals  of  the  boron  group  are  also  members 
of  the  very  extensive  class  of  elements  known  as  the  metals  of 
the  rare  earths.  The  names  of  these  are  given  above  in  three 
groups,  the  first  of  which  comprises  the  three  metals  which 
with  boron  make  up  sub-group  a  of  group  III. ;  the  second, 
those  of  which  the  individuality  is  at  least  probable ;  the  third, 
those  which  are  probably  mixtures  of  greater  or  less  complexity. 
The  relation  of  these  elements  to  the  periodic  system  of  classi- 
fication has  given  rise  to  much  discussion  (p.  69),  and  opinions 
are  still  divided  as  to  whether  they  form  an  anomalous  group 
occupying  a  single  position  in  the  periodic  system,  or  whether 
they  are  to  be  assigned  to  the  vacant  spaces  in  series  8,  9,  10 
(pp.  50-51).! 

Cerium,  although  it  possibly  belongs  to  group  IV.,  is  so 
closely  allied  to  the  other  metals  of  the  rare  earths  in  many  of 
its  properties  that  it  is  included  among  them,  and  the  whole 
group    is    described    together    with    scandium,    yttrium    and 

1  See  Werner,  Ber.,  1905,  38,  914;  Armstrong,  Proc.  Roy.  80c.,  1902,  70, 
86  ;  Brauner,  /.  Russ.  Ghem.  Phys.  Soc,  1902,  34,  142;  Zeit.  Elektrochem., 
1906,  17;  Biltz,  iJer.,  1902,  35,  562;  Brauner,  Zeit.  Elektrochem.,  1908,  525. 
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lanthanum,  with  which  its  members  occur  and  which  they 
closely  resemble  in  properties.^ 

The  earths  formerly  described  as  philippia  and  raosandria 
have  been  proved  to  be  mixtures  of  other  earths,^  and  it  is 
probable  that  the  compounds  of  decipiura  (Dclafontaine)  ^  and 
victorium  (Grookes)*  are  also  mixtures. 

352  In  the  year  1794  Professor  Gadolin,  of  Abo,  in  Finland, 
discovered  a  new  earth  in  the  mineral,  termed  after  him  gado- 
linite,  which  had  been  found  atYtterbyin  the  year  1788.  This 
discovery  was  confirmed  in  the  year  1797  by  Eckeberg,  who 
found  that  the  compovind  separated  by  Gadolin  contained, 
together  with  glucina,  a  new  earth,  to  which  he  gave  the  name 
of  y  ttria.  In  1803  Klaproth  discovered  a  second  peculiar  earth  in 
another  Swedish  mineral  found  at  Riddarhyttan,  which  mineral 
had  formerly  been  supposed  to  contain  tungsten,  and  to  this, 
because  it  became  dark-yellow  on  heating,  he  gave  the  name  of 
ochroite.  The  same  substance  was  examined  simultaneously 
by  Berzelius  and  Hisinger,  who  considered  it  as  the  oxide  of  a 
new  metal  which  they  termed  cerium,  after  the  planet  Ceres, 
which  had  been  recently  discovered,  whilst  the  mineral  was  called 
cerite. 

In  1819  Berzelius  observed  that  crude  yttria  also  contained 
ceria ;  and  Mosander,  in  1839,  showed,  in  a  most  careful  investi- 
gation, that  ceria  contained  the  oxide  of  another  metal,  to 
which  he  gave  the  name  of  lanthanum  (\av6dvco,  I  lie  hidden). 
In  1841  he  discovered  that  the  latter  was  not  pure,  but 
contained  a  third  new  element,  to  which  he  gave  the  name 
didymium  (from  SiBvfioi.,  twins).  The  same  chemist  in  1843 
concluded  from  another  series  of  investigations  that  yttrium  was 
invariably  accompanied  by  two  other  metals,  to  which  he  gave 
the  names  of  terbium  and  erbium  from  the  terminal  letters  of 
the  stem  of  the  word  Ytterby.  According  to  the  investigations 
of  Bunsen  and  Bahr,^  only  one  of  the  last  two  metals  appeared 

'  An  elaborate  monograph  on  the  Rare  Earths  by  R.  J.  Meyer,  with  a 
very  full  discussion  of  their  atomic  weights  by  Brauner,  is  contained  in 
Abegg's  Haiulhuch  der  anorrjanischen  Chemie,  vol.  iii. ,  part  1.  (Hirzel,  Leipzig, 
1906).  A  short  article  contributed  by  Brauner  to  MendeUefiPs  Principles  of 
Chemistry,  Vol.  II.,  pp.  105-124  (Longmans,  London,  1905),  Bohm's  Darstel- 
lung  der  Seltnen  Erden,  2  vols.  (Veit  &  Co.,  Leipzig,  1905),  and  R.  J.  Meyer 
and  0.  Hansel's  Die  Analyse  der  seltenen  Erden  nnd  der  Erdmiiren  (F.  Enke, 
Stuttgart,  1912),  also  contain  much  valuable  information  on  the  subject. 

2  See  Roscoe,  Ber.,  1882,  15,  1274.  ^  Compt.  rend.,  1881,  93,  63. 

•*  Proc.  Roy.  Soc.,  1899,  65,  237  ;  Urbain,  Compt.  rend.,  1905,  141,  954. 

=  Annalen,  1866,  137,  1. 


774 


METALS   OF   THE   HARE   EARTHS 


to  exist,  and  for  this  they  retained  the  name  erbium,  but  the 
subsequent  researches  of  Delafontaine  and  Marignac  showed 
that  both  elements  were  present. 

Further  investigations  have  proved  that  the  substances  which 
all  these  chemists  examined  were  in  most  cases  highly  complex 
mixtures,  the  complete  separation  of  which  has  not  yet  been 
effected.  This  is  illustrated  by  the  two  following  tables  which 
show  the  earths  which  have  so  far  been  obtained  from  yttria 
and  ceria.  The  name  of  the  investigator  who  effected  each 
separation  is  added  together  with  the  date.  Further  details 
will  be  found  under  the  headings  of  the  separate  metals. 

Europia  has  also  been  found  as  a  constituent  of  Delafontaine's 
terbia,  and  of  both  of  the  earths  obtained  from  it  by  Marignac. 

353  The  rare  earths  occur  in  several  rare  minerals  found  in 
various  localities  in  Scandinavia,  Siberia,  Greenland,  North 
America,  and  Brazil.  They  are  usually  present  in  the  form  of 
silicates,  less  frequently  as  columbates,  tantalates,  phosphates, 
fluorides,  and  uranates,  and  are  often  accompani,ed  by  the  oxides 
of  glucinum  and  zirconium.  The  most  important  of  these 
minerals  are  gadolinite,  a  basic  orthosilicate  of  glucinum,  iron, 
and  the  yttrium  metals ;  cerite,  a  hydrated  silicate  of  calcium 
and  the  cerium  metals ;  keilhauite,  a  titanosilicate  of  yttrium, 
aluminium,   iron,    and   calcium ;   samarskite,   a  columbate  and 


Ceria 
(Berzelius 

and 
Hisinger) 

1803 


Lanthana 

(Mosander) 

1839 


LANTHANA 


^CERIA 


Didymia 


Didyniia     ■ 
(Mosander) 
1841 


PRASBODYMIA 


(Auer  von  Welsbach) 
1885 


NEODYMIA 


^    Samaria 

(Leeoq  de 

BoiBbaudran) 

1879 


EUROPIA 
(Demargay) 
1900 


SAMARIA 
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/       Erbia     —     Terbia 
(Mosander)     (Delafon- 
1843  taine) 

1878 


I'GADOLINIA 

(Marignac) 

1880 


'"•TERBIA 


I  Ytterbia 
(Marignac) 
1878 


fSCANDIA 

(Nilson) 

1879 

CELTIA 
(Urbain)  1907 

( LUTECIA 
1.  Ytterbia  \  (Urbain)  1907 

NEO-YTTERBIA 


Yttria  Terbia     —     Erbia 

(Gadolin)  (  (Mosander)        (Berlin)   ( 
1788  1843  1860 


Soret's  X 

1878 

or 

Holmia 

(Cleve) 

1879 


/-DYSPROSIA 
(Lecoq  de  Boisbaudran) 
1886 


Erbia 


^HOLMIA 


THULIA 

(Cleve) 
1879 


SERBIA 


YTTRIA 


\ 

tantalate  of  iron,  calcium,  uranyl,  and  the  metals  of  both  the 
cerium  and  yttrium  groups ;  fergusonite,  a  columbate  of  both 
the  yttrium  and  cerium  metals ;  euxenite,  a  columbate  and 
titanate  of  yttrium,  cerium,  erbium,  and  uranyl ;  monazite,  an 
orthophosphate  of  the  cerite  earths  containing  thorium ; 
xenotime,  an  orthophosphate  of  the  yttrium  metals;  and 
thorianite,  a  mineral  found  in  Ceylon,  containing  70  per  cent,  of 
thoria  together  with  the  oxides  of  uranium,  cerium,  lanthanum, 
didymium,  yttrium,  and  zirconium.^  The  subjoined  analyses  ^ 
give  some  idea  of  the  general  composition  of  three  of  these 

minerals. 

1  Dunstan  and  Blake,  Proc.  Roy.  Soc,  1905,  76,  253. 
^  Quoted  from  Dana's  Mineralogy  (1892). 
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Gadolinite  from 

Samarskite  from 

Cerite 
(Lindstrom, 

1873). 

Ytterby. 
(Pettersson,  1890). 

N.  Carolina. 
(Allen,  1877). 

SiOg    .    . 

.  22-79 

SiOj     .    .    .  23-88 

Ta^Oj  .    .    .  18-20 

CePg  .    . 

.  24-06 

ThOg   .    .        0-41 

CbA  •    •    •  37-50 

DiAl 
LaA/ 

.  36-37 

YtjOg  .    .    .  46-30 
CeA-    •        3-84 

wS  }  ■  •  «■»« 

FeO     .    . 
AI2O3 

.    3-92 
.    1-26 

P^Aj     .    .     2-57 
La  A  J 

UO3     .        .  12-64 
Ce^Og  ] 

CaO          . 

.    4-36 

Fe^Og  .    .    .    0-60 

Di^Og  [   .    .    4-17 

H,0     .    . 

.    3-44 

FeO     .    .    .  12-89 

LajOg 

Gangue   . 

.    4-33 

GIO     ...    9-91 

Yt,03  .    .      14-48 

^^°  I             0-64 
MgOj     •    •    "5* 

FeO     .    .    .  10-75 

99-62 

MnO    .    .        0-78 

Na^O   .    .    .    0-15 

CaO     .        .    0-55 

H2O     .    .    .    0-57 

HgO     .    .    .    1-12 

100-66 

100-17 

The  crude  earths  are  obtained  from  the  minerals  by  methods 
which  differ  somewhat  according  to  the  nature  of  the  material 
to  be  treated.  Cerite  is  evaporated  with  strong  sulphuric  acid, 
the  excess  of  acid  removed  by  heating,  and  the  residue  dissolved 
in  ice-cold  water.  The  clear  solution  is  saturated  with  sul- 
phuretted hydrogen,  again  filtered,  and  then  made  acid  with 
hydrochloric  acid  and  precipitated  with  oxalic  acid,  by  means  of 
which  the  insoluble  oxalates  of  the  earths,  consisting  mainly  of 
ceria,  lanthana,  and  didjmiia,  are  obtained  and  are  finally  con- 
verted into  the  oxides  by  ignition.  Gadolinite,  on  the  other 
hand,  is  decomposed  by  hydrochloric  acid,  and  the  oxalates  then 
precipitated  from  the  solution  of  the  chlorides.  In  other  cases 
(fergusonite)  the  mineral  is  fused  with  potassium  bisulphate,  the 
fused  mass  is  extracted  with  water,  and  the  earths  are  pre- 
cipitated as  hydroxides  or  oxalates. 

The  nature  of  the  crude  oxide  thus  obtained  varies  very 
greatly  according  to  the  source  from  which  it  is  derived. 
The  different  earths,  with  but  few  exceptions,  resemble  one 
another  very  closely,  so  that,  in  order  to  separate  them,  advan- 
tage has  to  be  taken  of  very  slight  differences  in  chemical 
behaviour,  and  the  processes  of  separation  are  repeated  a  very 
large  number,  often  amounting  to  many  hundreds,  of  times  It  is 
therefore  advisable  to  commence  the  preparation  of  any  par- 
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ticular  earth  with  a  mineral  which  contains  it  in  as  large  a 
proportion  and  as  free  from  admixture  as  possible,  since  in 
this  way  the  length  and  tediousness  of  the  processes  of 
separation  are  lessened. 

In  some  cases  it  is  advisable  first  of  all  to  remove  the  cerium, 
especially  when  this  element  is  present  in  large  proportion. 
This  may  be  effected  by  a  number  of  different  methods,  all  of 
which  depend  on  the  fact  that  when  the  oxalates  are  calcined 
cerium  forms  an  oxide,  Ce02,  and  that  the  derivatives  of  this 
differ  very  considerably  from  those  of  the  oxides  of  the  type 
RjOg  formed  by  the  other  earths.  Of  these  methods  one  of 
the  most  effective  is  to  convert  the  oxides  into  nitrates  and 
pour  a  solution  of  these  into  a  large  amount  of  boiling  water, 
under  which  circumstances  a  basic  eerie  nitrate  separates,  con- 
taining only  a  small  amount  of  praseodymium  and  neodj'mium, 
from  which  it  can  be  freed  by  several  repetitions  of  the  process. 
A  second  method  is  to  add  a  solution  of  some  salt  of  the  earths 
to  potassium  permanganate  solution  containing  magnesia  in 
suspension.  Ceric  hydroxide  is  precijjitated,  and  the  filtrate  is 
free  from  cerium  (R.  J.  Meyer  and  Schweitzer). 

A  rough  division  of  the  mixed  earths  into  two  groups  is 
obtained  by  saturating  the  neutral  solution  of  the  crude  oxide 
in  nitric  acid  with  potassium  sulphate.  Double  salts  are 
formed  of  the  general  formula  R2CS04)3,3K.2SO^,  those  of  the 
yttrium  group  (Yt,  Yb,  Lu,  Er,  Ho,  Tm,  Tb,  Sc)  being  soluble, 
whilst  those  of  the  cerium  group  (Nd,  Pr,  La,  Ce,  Sa  Gd)  are 
insoluble  in  a  saturated  solution  of  potassium  sulphate.  The 
sulphates  thus  obtained  may  be  converted  into  oxalates,  which 
are  only  sparingly  soluble  in  dilute  acids,  or  into  oxides,  and 
the  separation  repeated  as  often  as  is  desired.  For  the  further 
separation  of  the  oxides  which  have  been  submitted  to  the 
foregoing  treatment  a  number  of  different  methods  have  been 
proposed,  which  may  be  grouped  under  the  following  four 
heads.^ 

(1)  Ignition  of  the  Nitrates  (Bahr  and  Bunsen). — When  the 
neutral  nitrates  of  the  earths  of  either  of  these  groups  are 
gently  heated,  it  is  found  that  the  salts  of  the  different  earths 
are  decomposed  at  different  temperatures.  In  the  case  of  the 
yttrium  group  of  oxides,  to  which  the  method  is  best  applied, 
the  nitrates  decompose  in  the  following  order,  Sc,  Yb,  Er,  Ho, 
Tm,  Tb,  Yt,  yttrium  nitrate  requiring  the  highest  temperature. 
1  Compare  Losse,  Zeit.  anorg.  Chem.,  1892,  3,  56. 
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The  heating  is  therefore  continued  only  until  a  slight  amount 
of  decomposition  has  taken  place ;  the  cooled  mass  is  then 
extracted  with  boiling  water,  and  the  basic  salt  which  separates 
on  cooling  is  removed  by  filtration.  The  filtrate  is  then 
evaporated  and  the  process  repeated. 

(2)  FractioTial Precipitation  ivith  Ammonia  orsovieother  Base. — 
The  neutral  nitrate  obtained  from  the  crude  earth  is  dissolved 
in  water  and  ammonia  added  in  such  quantity  as  only  to  pre- 
cipitate a  portion. of  the  earths  which  are  present,  the  solution 
being  so  dilute  that  the  precipitation  takes  place  slowly.  In 
this  way  the  least  basic  earths  are  first  precipitated,  whilst  the 
most  basic  are  found  in  the  filtrate.  Among  the  cerium  group 
of  earths,  lanthana  appears  to  be  the  most  basic,  and  is  followed 
by  ceria,  praseodymia,  neodymia,  samaria,  and  gadolinia.  The 
precipitated  hydroxide  is  filtered  off,  redissolved  in  nitric  acid,  and 
again  submitted  to  fractional  precipitation,  whilst  the  filtrate 
i.s  treated  in  a  similar  manner  to  the  original  solution.  Other 
bases,  such  as  caustic  potash,  magnesia,  or  the  weak  organic 
base  aniline,  may  be  employed  in  a  similar  manner. 

(3)  Fractional  Crystallisation  of  Salts. — This  method  has  been 
applied  to  a  very  large  number  of  different  salts,  and  has  proved 
of  the  greatest  value  for  the  separation  of  many  of  the  rare 
earths.  The  most  important  results  have  been  attained  by  the 
crystallisation  of  the  double  ammonium  nitrates  (praseodymium 
and  neodymium),  the  double  magnesium  nitrates  (europium), 
and  the  double  potassium  sulphates  (samarium,  scandium),  but 
the  formates,^  carbonates,  oxalates,  ethyl  sulphates,^  and  aceto- 
acetates  have  all  been  employed.  The  crystallisation  of  the 
double  magnesium  nitrates  of  the  earths  of  the  terbium 
group  with  the  addition  of  bismuth  nitrate  has  led  to  the  iso- 
lation of  pure  salts  of  gadolinium  and  terbium  (Urbain  and 
Lacombe). 

James  ^  effects  a  separation  of  the  yttrium  earths  by  crystalli- 
sation of  the  bromates,  the  order  of  separation  of  the  rare  earth 
bromates  from  aqueous  solution  being  samaria,  europia,  gado- 
linia, terbia,  yttria,  dysprosia,  holmia,  erbia,  thulia,  and  ytterbia. 
In  this  way  pure  thulia  and  yttria  can  be  obtained. 

(4)  Fractional  Precipitation  of  Salts. — Lehner  and  Benner* 

1  Urbain,  Compt.  rend. ,  1906,  142,  785. 

2  Bettendorf,  AnnaUn,  1907,  352,  88. 

3  James,  Chem.  News,  1907,  75,  181  ;  1908,  97,  61,  205 ;  /.  Amer.  Ghem. 
Soc,  1912,  34,  757. 

^  /.  Amer.  Ghem.  Soc,  1908,  30,  572;  1911,  33,  50. 


SEPARATION  OF  THE  RARE  EARTHS       779 

effect  a  separation  of  the  yttrium  earths  by  fractional  precipi- 
tation of  a  hot  solution  of  the  nitrates  with  sodium  succinate. 
The  earths  precipitated  first  are  holmia,  terbia,  and  europia, 
whilst  the  major  portion  of  the  yttria  is  left  in  the  solution. 
When  a  hot  alcoholic  solution  of  sodium  stearate  is  added 
cautiously  to  a  hot  solution  of  the  nitrates  of  the  yttria  earths 
a  rapid  separation  can  be  effected  (Stoddart  and  Hill)."^  The 
gadolinia  and  ceria  earths  can  also  be  separated  by  this  method. 

354  Theprogressof  theseparation  effected  byany  of  these  means 
may  be  followed  by  several  methods,  one  of  the  most  reliable 
of  which  is  the  determination  of  the  chemical  equivalent  of  the 
oxide  obtained.  This  is  accomplished  by  precipitating  the  earth 
in  the  form  of  oxalate,  igniting,  and  weighing  the  oxide ; ,  this 
is  then  exposed  to  steam  and  afterwards  evaporated  with  dilute 
sulphuric  acid  and  heated  gently  over  a  small  flame,  or,  better, 
at  the  temperature  of  sulphur  vapour,  until  the  weight  is  con- 
stant. The  amount  of  sulphate  formed  from  a  known  weight 
of  oxide  is  thus  ascertained,  from  which  the  equivalent  of 
the  earth  can  be  calculated.  This  method  is  of  great  value 
when  the  earths  which  are  being  separated  differ  considerably 
in  their  equivalents,  but  is,  of  course,  less  useful  when,  as 
is  often  the  case,  the  mixture  consists  of  earths  which  have 
nearly  the  same  equivalent. 

The  other  methods  employed  for  detecting  the  progress  of 
purification  or  separation  are  all  applications  of  spectrum 
analysis.  In  addition  to  the  spark  spectra,  or  those  shown 
in  the  electric  arc,  the  salts  of  many  of  the  earths  in  solution 
exhibit  characteristic  absorption  spectra.  A  number  of  the 
earths,  moreover,  show  "  phosphorescence  spectra "  when  the 
ignited  earth  or  its  basic  sulphate  is  exposed  to  an  electric 
discharge  in  a  highly  exhausted  glass  bulb  (Crookes),  or  exhibit 
a  characteristic  spectrum  when  an  induction  spark  is  made  to 
pass  from  a  positive  pole  of  platinum  on  to  the  centre  of  the 
surface  of  a  solution  of  one  of  the  salts  of  the  earth,  which  is 
connected  with  the  negative  pole  (reversion  spectra  of  Lecoq  de 
Boisbaudran). 

The  evidence  afforded  by  the  study  of  the  spectra  yielded  by 
the  earths  in  any  of  these  ways  is  very  difficult  to  interpret 
because  we  are  at  present  unacquainted  with  the.  exact 
influence  of  many  variable  conditions,  especially  the  presence  of 
other  substances,  upon  the  phenomena  in  question,  and  this 
1  J.  Amer.  Ghem.  Soc,  1911,  33,  1076. 
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influence  is  of  very  great  importance,  especially  as  regards 
absorption  spectra  and  phosphorescence  spectra.  Kriiss  and 
Nilson/  arguing  from  the  variation  in  the  absorption  spectra  of 
the  nitrates  of  the  rare  earths^  and  Crookes,^  from  a  study  of 
phosphorescence  spectra,  came  independently  to  the  conclusion 
that  a  very  large  number  (24-30)  of  different  elements  were 
present  in  the  rare  earths.  The  chemical  evidence,  so  far  as  it 
has  been  obtained,  has  not  confirmed  these  views.  The  further 
study  of  absorption  spectra,  moreover,  has  shown  that  variations 
in  the  intensity  and  position  of  the  bands  may  be  produced  by 
many  factors  and  do  not  therefore  necessarily  indicate  changes 
of  composition.  As  regards  phosphorescence  spectra  it  has  been 
shown  that  pure  earths  do  not  yield  a  discontinuous  phosphores- 
cence spectrum,  but  that  such  a  spectrum  is  produced  in  the 
presence  of  small  amounts  of  other  substances  and  varies 
both  with  the  amount  and  nature  of  this  second  substance.^ 

355  The  metals  of  this  group  were  at  first  supposed  to  be  di- 
valent, the  general  formula  of  the  earths  being  written  EO-  In 
1870  Mendel6eff  found  that  whilst  the  equivalent  of  cerium  was 
46-3,  its  specific  heat  was  about  0'05,  whilst  Hillebrand  obtained 
the  more  accurate  number  0'04479.  According  to  this  the 
atomic  weight  of  cerium  must  be  139  and  not  92'6  as  previously 
supposed,  since  139  X  004479  =  6'3,  the  lower  basic  oxide  being 
therefore  CcgOg,  and  the  higher  oxide  CeO.^. 

It  was  suggested  at  the  same  time  that  the  basic  oxides  of 
didymium  and  lanthanum,  which  had  nearly  the  same  equiva- 
lent as  cerium,  might  be  DigOg  and  La02,  didymium  (138)  being 
placed  in  the  third  group  of  the  periodic  system,  and  lanthanum, 
with  an  atomic  weight  of  about  180,  in  the  fourth  group  along 
with  cerium.  In  this  way  these  metals  found  a  place  in  the 
periodic  system,  whilst  no  place  existed  for  them  in  that  system 
if  their  atomic  weights  were  taken  as  about  92.  The  atomic 
weight  of  yttrium,  the  compounds  of  which  were  then  but  little 
known,  was  at  the  same  time  altered  for  similar  reasons  from 
about  59  to  88,  the  oxide  being  formulated  YtgOg  instead  of 
YtO,  and  the  metal  placed  in  the  third  group  of  the  periodic 
system. 

The  subsequent  determination  of  the  specific  heats  of  lan- 
thanum (0-04485)  and  the  old  didymium  (0-04563)  by  Hillebrand 
showed  that  both  these  metals  had  an  atomic  weight  of  about 

1  Ber.,  1887,  20,  2170.  =  See  Jotirn.  Ohem.  Soc,  1889,  55,  260. 

3  Baur  and  Marc,  Ber.,  1901,  34,  2460. 
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140,  and  a  more  accurate  determination  of  their  equivalents  led 
to  the  atomic  values  La  =  137'5,  Di  =  144.  Oxide  of  lanthanum 
was,  therefore,  formulated  LagO^,  and  the  metal  placed  in  the 
third  group.  The  salts  of  didymium  have  since  that  date  been 
shown  to  consist  of  the  salts  of  at  least  two  distinct  elements, 
and  the  relations  of  these  to  the  other  elements  have  not  yet 
been  satisfactorily  decided. 

At  present  the  general  formula  RjOg  is  applied  to  the  basic 
oxides  of  all  the  rare  earth  metals,  and  the  formulae  of  their  salts 
are  written  in  accordance  with  this. 


SCANDIUM.     Sc  =  44-i. 

356  The  oxide  of  this  metal,  which  has  not  itself  been  isolated, 
was  discovered  in  euxenite  in  1879  by  Nilson,^  who  obtained 
2  grams  of  the  pure  oxide  from  10  kilos,  of  the  mineral.  The 
element  scandium  is  of  very  wide  occurrence,^  but  only  in  very 
small  quantities.  The  minerals  wiikite  and  an  orthite  from 
Finland  are  the  richest,^  and  both  contain  less  than  one  per 
cent,  of  the  oxide.  It  is  less  basic  than  any  of  the  other  rare 
earths. 

Scandium  occupies  the  place  in  the  periodic  system  which 
was  assigned  by  Mendeleeff  in  1869  to  the  unknown  element 
ekaboron  (p.  68).  Speaking  of  this  undiscovered  element  he 
said  in  the  course  of  a  full  discussion  of  the  subject  * :  Its  atomic 
weight  will  be  about  44,  and  its  oxide,  Ek^Og,  will  be  a  stronger 
base  than  alumina  and  will  have  a  specific  gravity  of  about  35, 
whilst  the  specific  gravity  of  the  chloride  will  be  about  2.  The 
oxide  will  be  insoluble  in  alkalis  and  the  salts  colourless,  yielding 
gelatinous  precipitates  with  potash,  potassium  carbonate,  sodium 
phosphate,  etc. 

Scandia  is  obtained  from  the  mixed  oxides  of  the  rare 
earths  either  by  precipitating  as  fluoride  and  further  purifica- 
tion by  the  usual  methods,  or  by  precipitating  as  silico- 
fluoride.     The  most  persistent  impurity  is  thoria  and  this   is 

1  Ber.,  1879,  12,  554 ;  1880,  13,  1439. 

^  Ebethard,  Sitzungnber.  K.  Akad.  Wiss.  Berlin,  1908,  851  ;  1910,  404 ; 
Crookes,  Proc.  Roy.  Soc,  1908,  80,  A,  516;  Vernadsky,  Bull.  Acad.  Sci. 
St.  Petersburg,  1908,  1273. 

^  Meyer,  Sitzungsber.  K.  Akad.  Wiss.  Berlin,  1911,  379. 

'  Annalen  Supplementband,  1872,  8,  197. 
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removed  1  by  treatment  with  sodium  thiosulphate,  when  the 
scandium  is  precipitated  and  the  major  part  of  the  thorium  left 
in  solution.  The  last  traces  of  thoria  are  removed  ^  by  adding 
excess  of  potassium  iodate  to  a  nitric  acid  solution  of  the  nitrate, 
when  the  thoria  is  precipitated  as  iodate. 

Scandium  Hydroxide,  Sc(0H)3,  is  a  gelatinous  white  precipitate 
which  on  ignition  yields  the  oxide,  Sc._,03.  The  latter  is  a  white 
powder  resembling  magnesia,  of  specific  gravity  3'864.  The 
salts  are  colourless  and  exhibit  no  absorption  bands.  The 
chloride^  and  bromide,  Sc2Clg  and  ScgBr^, crystallise  with  I2H2O; 
the  fluoride  is  anhydrous.  The  sulphate,  802(80^)3,  crystallises 
with  GHjO  and  is  readily  soluble  in  water,  differing  in  these 
respects  from  the  other  sulphates  of  the  group.  The  double 
sulphate  of  scandium  and  potassium,  802(804)3,3X280^,  is 
insoluble  in  a  solution  of  potassium  sulphate.  The  nitrate,^ 
Sc(N03)3,4H20,  forms  prismatic  crystals  and  becomes  anhydrous 
whenheatedon  the  water-bath.  When  heated  in  a  vacuum  at  100° 
a  basic  nitrate,  Sc(OH)(N03)2,  is  formed.  The  borate,  iodate, 
aurichloride,  platinocyanide,  and  numerous  salts  of  organic  acids 
have  been  prepared.^  The  spark  spectrum  of  the  chloride  is 
characteristic  (Thal^n).  The  arc  spectrum  has  been  mapped 
by  Lockyer  and  Baxandall  *  and  compared  with  the  solar 
spectrum,  in  which  many  of  the  scandium  lines  are  to  be 
found. 

YTTRIUM.     Yt  =  89-o 

357  Yttria  is  the  most  basic  of  all  the  yttrium  group  of 
earths  and  its  separation  from  the  others  is  based  on  this  fact. 
According  to  Crookes  it  is  a  complicated  mixture,^  but  this 
conclusion  has  not  been  confirmed  (p.  780). 

Yttrium  was  obtained  by  Cleve  as  a  dark-grey  powder 
possessing  a  metallic  lustre  under  the  burnisher.  He  prepared 
it  by  the  electrolysis  of  the  double  chloride  of  yttrium  and 
sodium,  and  also  by  fusing  this  salt  with  sodium.  Yttrium 
decomposes  water  slowly  in  the  cold  but  more  quickly  on 
boiling.^ 

1  Meyer,  Ztit.  anorg.   Ohem.,    1908,    60,   134;  Meyer  and  Winter,   ibid., 
1910,  67,  398. 

2  Meyer,  Chem.  News,  1912,  106,  13. 

■>  Crookes,  Phil.  Tram.,  1908,  209,  A.,  15;  ihid.,  1910,  210,  A.,  359. 

«  Proc.  Roy.  80c. ,  1905,  74,  538.  "  Journ.  Chem.  Soc,  1889,  55,  260, 

"  Cleve,  Oompl.  rend.,  1882,  95,  1125. 
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Yttrium  Oxide,  YtjOg,  is  obtained  as  a  white  powder  of  sp.  gr. 
5'046  by  igniting  the  oxalate  or  hydroxide.  On  ignition  this 
emits  a  bright  white  light.  It  does  not  combine  directly  with 
water,  but  when  an  yttrium  salt  is  precipitated  with  an  alkali 
the  hydroxide  is  thrown  down  as  a  gelatinous  precipitate. 
Yttrium  oxide  dissolves  slowly  but  completely  in  hydrochloric, 
nitric,  and  sulphuric  acids. 

Yttrium  Fluoride  occurs  together  with  the  fluorides  of 
cerium  and  calcium  in  the  mineral  yttrocerite  found  near 
Fahlun  in  Sweden,  at  Amity,  Orange  County,  New  York,  in 
Massachusetts,  and  at  Mount  Mica  in  Maine.  It  is  massive, 
crystalline-granular,  and  earthy,  having  a  glistening  vitreous  to 
pearly  lustre,  and  a  colour  varying  from  violet-blue  to  grey  and 
white.     Sometimes  it  has  a  reddish-brown  colour. 

Yttrium  Chloride,  YtClg,  formed  by  heating  the  oxide  mixed 
with  carbon  in  chlorine,  or  more  easily  ^  by  passing  a  mixture  of 
dry  chlorine,  hydrogen  chloride  and  sulphur  chloride  over  the 
heated  residue  obtained  by  evaporation  of  a  solution  of  the 
oxide  in  hydrochloric  acid,  is  a  colourless  transparent  substance. 
When  the  oxide  is  dissolved  in  hydrochloric  acid  the  hydrate 
YtCl3,6H20  is  obtained  on  evaporation  in  deliquescent  prisms 
which  are  soluble  in  alcohol  but  insoluble  in  ether.  These 
decompose  when  heated  alone  with  evolution  of  hydrogen 
chloride  but  when  ignited  in  presence  of  sal-ammoniac  or  in  a 
current  of  hydrogen  chloride  ^  the  anhydrous  chloride  is  obtained. 
The  anhydrous  chloride  is  soluble  in  pyridine,  with  which  it 
forms  an  additive  compound.^  The  hydrated  chloride  forms  a 
compound,  YtCl3,llH20,2CgHi2N^,  when  treated  with  hexa- 
methylene  tetramine.^ 

The  bromide  and  iodide  are  very  similar  to  the  chloride. 

Yttrium  Sulphide,  Yt^Sg,  is  obtained  as  a  yellow  or  grey 
powder  by  heating  the  oxide  in  the  vapour  of  carbon  disulphide 
(Popp),  and  by  heating  the  chloride  in  sulphuretted  hydrogen. 
It  is  not  soluble  in  water,  but  is  decomposed  by  acids 
(Wohler). 

Yttrium  Sulphate,  Yt2(SO^)3,8H20,  forms  transparent  crystals 
which  lose  their  water  at  115".  100  parts  of  cold  water  dissolve 
9-3  parts  of  the  salt,  but  when  the  solution  is  warmed  to  100° 
4-5  parts  separate  out   in    the   crystalline  state.     It   forms  a 

'  Matignon,  Compt.  rend.,  1905,  140,  1181. 

2  Ann.  Ghim.  Phys.,  1906,  [8],  8,  433. 

»  Barbieri  and  Calzolari,  Attl  R.  Accad.  Lincei,  1911,  [v],  20,  i.  164. 
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microcrystalline  powder  with  stannic  sulphate  '  having  the 
formula  YtSn(S0j8.  On  heating  yttrium  sulphate  at  700°  a 
basic  sulphate,  Yt^Og.SOg,  is  formed,  which  crystallises  in  white 
needles.^ 

Yttrium  Nitrate,  Yt(N03)3,6H20,  is  easily  soluble  in  water, 
alcohol,  and  ether,  forming  large  needles.  At  25°  100  grams  of 
water  dissolve  141'6  grams  of  the  nitrate.  A  basic  nitrate^  of 
the  formula,  3  Yt2O3,4N2O5,20H2O,  is  formed  by  shaking  the  oxide 
with  nitric  acid  at  25°.  This  compound  is  stable  in  the  presence 
of  an  aqueous  solution  of  Yt(N03)3  containing  33  grams  per 
100  c.c.  The  normal  nitrate  forms  a  compound  with  hexamethyl- 
ene  tetramine,*  having  the  formula  Yt(NO3)3,10H2O,2G6Hi2N^. 

Yttrium  Orthophosphate,  YtP04,2H20,  is  slightly  soluble  in 
water ;  the  metaphospfiate,  Yt(P03)3,  is  an  insoluble  crystalline 
powder  ;  and  the  pyrophosphate,  2YtHP20j,7H20,  is  soluble  in 
water. 

Yttrium  Carbide,  YtCj,  is  prepared  by  heating  the  oxide  with 
carbon  in  the  electric  furnace.  It  forms  yellow  microscopic 
crystals  of  sp.  gr.  4'13,  and  yields  with  water  a  mixture  of  gases 
containing  72  per  cent,  of  acetylene,  along  with  methane, 
ethylene,  and  hydrogen. 

YUriitm  Carbonate,  Yt2(C03)3,3H20,  is  a  heavy  white  powder 
insoluble  in  water. 

Yttrium  Bromatc,^  Yt2(Br03)g,18H20,  is  a  white  crystalline 
substance  forming  hexagonal  prisms.  It  is  formed  by  the  action 
of  barium  bromate  on  yttrium  sulphate,  and  dissolves  to  the 
extent  of  168  parts  in  100  of  water  at  25°. 

Detection  and  Estimation  of  Yttrium. 

358  This  metal  is  most  readily  recognised  by  the  spark 
spectrum  of  the  chloride.  This  contains  a  large  number  of 
bright  lines,  of  which  two  groups  lying  near  the  sodium  line 
towards  the  red  are  especially  characteristic.  The  salts  show  no 
absorption  spectrum.  The  reactions  of  the  yttrium  salts  are 
very  similar  to  those  of  zirconium. 

The  Atomic  Weight  of  yttrium  was  determined  by  Bahr  and 
Bunsen  by  the  analysis  of  the  sulphate  to  be  92.     According  to 

^  Weiland  and  Kuhl,  Zeit.  anorg.  Ohem.,  1907,  54,  244. 

2  Brill,  Zeit.  anorg.  Ghem.,  1905,  47,  464. 

^  James  and  Pratt,  /.  Amej;  Ghem.  Soe.,  1910,  32,  873. 

*  Barbieri  and  Calzolari,  Alii  R.  Accacl.  Lincei,  1911,  [v],  20,  i.,  164. 

'^  James  and  Langelier,  J.  Amer.  Ghem.  Soc,  1909,  31,  913. 
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Cleve  and  Hoeglund,^  on  the  other  hand,  it  is  89-2.  This 
difference  is  probably  due  to  the  presence  of  other  earths.  From 
a  still  later  determination^  Cleve  obtained  the  number  88'4, 
whilst  the  somewhat  lower  number  88'3  was  obtained  by  Jones.^ 
The  number  at  present  (1913)  adopted  is  89'0. 


LANTHANUM.     La  =  139-0. 

359  Lanthanum  salts  are  best  obtained  pure  by  the  fractional 
crystallisation  of  the  double  magnesium  nitrates  of  the  cerite 
earths.*  Lanthana  is  the  most  basic  of  all  the  rare  earths. 
Lanthanum  was  obtained  by  Mosander  as  a  grey  powder  by 
heating  the  chloride  with  potassium.  Hillebrand  and  Norton  * 
prepared  it  by  the  electrolysis  of  the  fused  chloride,  and  obtained 
it  in  the  form  of  fused  globules,  some  of  which  weighed  as  much 
as  six  grams,  and  it  has  since  been  prepared  in  large  quantities 
by  the  same  method  by  Muthmann  and  Kraft.*  Thus  prepared 
it  has  a  specific  gravity  of  6'154  and  an  iron-grey  colour  ;  it  takes 
a  high  polish  but  soon  tarnishes,  even  on  exposure  to  dry  air, 
attaining  a  steel-blue  colour.  The  metal  can  be  hammered  out  to 
tolerably  thin  foil,  and  can  be  drawn  into  wire.  The  specific  heat 
of  the  metal  is  0'04485  and  it  melts  at  810°.  When  heated  in 
the  air  it  forms  oxide  and  nitride.  The  finely-divided  metal 
burns  brightly  when  thrown  into  the  flame.  It  also  takes  fire 
when  thrown  into  chlorine  gas,  burns  less  brightly  in  bromine 
vapour,  and  combines  with  iodine  without  evolution  of  light. 
Cold  water  oxidises  it  slowly  with  formation  of  the  hydroxide. 
Cold  concentrated  sulphuric  acid  does  not  attack  it,  but  in  dilute 
sulphuric  acid  and  in  hydrochloric  acid  it  dissolves  with  violent 
evolution  of  hydrogen,  and  it  is  oxidised  by  both  concentrated 
and  dilute  nitric  acid. 

Lanthanum  Oxide,  LagOg. — ^This  is  obtained  in  the  form  of  a 
white  powder  which  has  a  specific  gravity  of  6'48,  by  heating 
the  hydroxide,  oxalate,  carbonate,  or  nitrate.  It  combines  with 
water  with  evolution  of  heat,  like  lime,  with  formation  of  a 
voluminous  snow-white  ^oy/deroi lanthanum  hyclr oxide, 'ha,(OW)^; 

'  B%dl.  Soc.  chim.,  1872,  [2],  18,  193.  ^  2bid.,  1883,  [2],  39,  120. 

3  Amer.  Ohem.  J.,  1895,  17,  154. 

"  Drossbach,  Ber. ,  1902,  35,  2826 ;  Muthmann  and  Weiss,  Annaleii,  1904, 
331,  1. 
^  Pogg.  Ann.,  1875,  156,  466.  «  Annalen,  1902,  325,  261. 
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this  is  obtained  also  by  precipitating  a  lanthanum  salt 
with  ah  alkali  in  the  form  of  a  gelatinous  precipitate  which 
easily  absorbs  carbon  dioxide  from  the  air.  The  hydroxide 
has  an  alkaline  reaction  and  decomposes  ammonium  salts  on 
heating. 

The  oxide  is  readily  reduced  when  it  is  heated  with  magnesium 
powder.  If  the  reaction  is  carried  out  in  an  atmosphere  of 
hydrogen,  a  hydride  of  lanthanum,  Latlg,  is  formed  ^  which  has 
been  prepared  pure  by  heating  the  pure  metal  in  hydrogen 
at  about  240°  (Muthmann  and  Kraft). 

A  peroxide,  which  appears  to  be  a  hydrated  form  of  the  oxide 
La.^Oj,  is  precipitated  when  hydrogen  peroxide  and  an  alkali 
are  added  to  a  solution  of  a  lanthanum  salt. 

Lanthanum  Chloride,  LaClg. — This  substance  is  obtained  in 
the  anhydrous  state  by  heating  its  ammonium  double  salt,  or  by 
passing  a  mixture  ^  of  chlorine,  hydrogen  chloride  and  sulphur 
chloride  over  the  heated  hydrated  chloride.  It  is  a  crystalline 
mass  very  soluble  in  water  and  alcohol,  has  a  density  '^  of  3'95, 
at  18°  and  melts  at  907°.  When  the  oxide  is  dissolved  in  hydro- 
chloric acid,  and  the  solution  evaporated  to  a  syrup,  large  prisms 
having  the  composition  2LaC)3,15H20  are  deposited,  and  these 
when  heated  lose  hydrogen  chloride. 

Lanthanum  Sulphide,  La^S.,  is  obtained  by  heating  the  oxide 
in  the  vapour  of  carbon  disulphide,  in  the  form  of  a  yellow  mass 
which  is  decomposed  by  water.  A  disulphide,^  LaSj,  has  been 
prepared  by  heating  La2(SO^)3  in  sulphuretted  hydrogen  at  600°. 
It  decomposes  at  650°  into  the  trisulphide,  LagSg, 

Lanthanum  Sulphate,  ^^..^{^O ^^,dllfi ,  crystallises  at  the 
ordinary  temperature  in  six-sided  pointed  prisms  which  are 
more  soluble  in  cold  than  in  hot  water,  whilst  at  0°  a  hydrate 
with  IGHjO  separates  out  (Brauner  and  Pavlicek).  One  part 
of  the  anhydrous  salt  dissolves  at  3°  in  less  than  6  parts,  whilst 
at  100°  it  dissolves  in  about  115  parts  of  water.  The  double 
potassium  salt  is  insoluble  in  a  solution  of  potassium  sulphate. 
With  stannic  sulphate*  it  forms  a  compound,  LaHSn(S0j4,  which 
crystallises  in  six-sided  plates.  On  heating  the  anhydrous  sul- 
phate at  700°  a  basic  sulphate  is  formed''  of  the  formula 
La203,S03,  which  forms  white  needles.     The  hydrated  sulphate 

1  Winkler,  Ber.,  1890,  23,  787  ;  1891,  24,  890. 

2  Matignon,  Gompt.  rend.,  1905,  140,  1339;  1181. 

3  Biltz,  Zeit.  anorg.  Chem.,  1911,  71,  427. 

■*  Weinland  and  Kiihl,  Zeit.  anorg.  Chem.,  1907,  54,  244. 
^  Brill,  Zeit.  anorg.  Chem.,  1905,  47,  464. 
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crystallises  ^  with  the  sulphates  of  the  alkalis  and  forms  the 
compounds : 

La2(SOj3,K2S04,2n20 ;  La2(SOj3,5K2SO, ; 

La^CSO  j3,Na2SO„2H20 ; 

La,(SOj3,(NH,)2SO„2H20  and  La.CSOJs.SCNHJ^SO,. 

It  forms  ^  double  sulphates  also  with  pyridine  and  quinoline 
sulphates. 

Lanthamtni  Bromate^  La(Br03)3,18H20,  is  a  white  crystalline 
compound,  melting  at  37"5°  in  its  water  of  crystallisation.  It  is 
formed  by  the  action  of  barium  bromate  on  the  sulphate,  and 
dissolves  to  the  extent  of  416  parts  in  100  of  water  at  25°. 

Zanthanum  Nitride,  LaN,  is  a  black  powder  which  is  formed 
by  the  direct  union  of  its  elements  and  is  hydrolysed  by  water. 

Lanthanum  Nitrate,  La(N03)3,6H20,  is  easily  soluble  in  water 
and  alcohol,  crystallising  in  oblique  prisms  or  tablets.  It  forms 
double  nitrates*  with  all  the  alkali  metal  nitrates  and  with 
ammonium  nitrate  of  the  formulae : 

3La(N03)3,4NaNO„3H20 ; 
La(N03)3,2NaN03,H20 ;  La(N03)3,2KN03,H20 ; 
3La(N03)3,4KN03,4-5H20  ; 
3La(N03)3,4RbN03,8H20 ;  La(N03)3,2RbN03,4H20 ; 

3La(N03)3,4Cs(N03),5H,0 ; 
La(N03)3,2CsN03,H20  and  La(N03)3,2NH,N03,4H20. 

Double  nitrates  are  formed  also  with  thallium  nitrate,  pyridine 
nitrate,  and  quinoline  nitrate.^  A  series  of  double  nitrates  ^  is 
formed  ^\'ith  the  nitrates  of  magnesium,  nickel,  cobalt,  zinc,  and 
manganese. 

Lanthanum  Carbide,  LaCg,  is  formed  when  a  mixture  of  the 
oxide  with  sugar  charcoal  is  heated  in  the  electric  furnace.  It 
is  a  crystalline  substance,  and  is  readily  attacked  by  acids.  Water 
decomposes  it  with  evolution  of  a  mixture  of  acetylene,  methane, 
a  very  small  amount  of  ethylene,  and  traces  of  liquid  and  solid 
hydrocarbons.' 

1  Barre,  Compt.  rend.,  1910,  151,  871. 

'  Kolb,  Melzer,  Merckle  and  Teufel,  Zeit.  anorg.  Chem.,  1908,  60,  123. 
'  James  and  Langelier,  /.  Amer.  Chem.  Soc,  1909,  31,  913. 
*  Jantsch  and  Widgorow,  Zeit.  anorg.  Chem.,  1911,  69,  221  ;  Wyrouboff, 
BtUl.  Socfranq.  Min.,  1907,  30,  299. 
5  Kolb,  Melzer,  Merckle  and  Teufel,  Zeit.  anorg.  Chem.,  1908,  60,  123. 
«  Jantsch,  Zeit.  anorg.  Chem.,  1912,  76,  303. 
'  Moissan,  Gompt.  rend.,  1896,  123,  148. 
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Lanthanum  Carbonate,  La2(C03)3,8H20. — This  occurs  as 
lanthanite,  a  mineral  which  contains  varying  quantities  of  cerium, 
and  crystallises  in  greyish-white,  pink,  or  yellowish  rhombic 
prisms.  It  occurs  at  Bastnas  in  Sweden  ;  also  in  Silurian  lime- 
stons  with  the  zinc  ores  of  the  Saucon  Vallej'^,  Lehigh  County, 
Pa.,  and  in  other  localities  in  the  United  States.  When  a 
lanthanum  salt  is  precipitated  with  a  soluble  carbonate  this 
same  salt  is  obtained  in  the  form  of  glittering  scales. 

Lanthanum  forms  complex  tungstates  ^  with  silver  oxide, 
barium  oxide,  and  ammonia. 

Detection  and  Estimation  of  Lanthanum. 

360  Lanthanum  chloride  yields  a  spectrum  consisting  of 
many  very  bright  and  characteristic  lines,  by  means  of  which 
even  traces  of  the  metal  can  be  readily  detected.  The  salts  of 
lanthanum  possess  an  astringent  sweet  taste.  They  do  not  show 
an  absorption  spectrum,  and,  when  quite  pure,  do  not  give  a 
phosphorescence  specti'uni. 

Lanthanum  is  determined  quantitatively  by  precipitating  it 
either  as  hydroxide  or  as  oxalate,  these  being  converted  by 
ignition  into  the  oxide.  Lanthanum  may  be  estimated  volu- 
metrically^  by  means  of  oxalic  acid  and  potassium  per- 
manganate. 

The  atomic  weight  of  lanthanum  has  been  obtained  at  various 
times  by  many  chemists,  but  with  varying  results.  The  most 
recent  experiments,  however,  yield  fairly  concordant  numbers. 
Thus  Brauner  and  Pavlicek^  found  the  atomic  weight  to  be 
139-04,  and  Jones*  138-77;  the  number  at  present  (1913) 
adopted  is  139-0. 


CERIUM.     Ce  =  140-25. 

361  The  sources  of  this  metal,  which  always  occurs  along 
with  the  rare  earths,  have  already  been  mentioned,  as  well  as 
the  means  by  which  it  is  separated  (p.  777).  The  metal  itself 
was  first  prepared  by  Mosander  in  the  form  of  powder  by 
heating     the     chloride    with     sodium.       Wohler    afterwards 

J  Balke  and  Smith,  J.  Amer.  Chem.  Soc,  1904,  25,  1229. 

2  Druschel,  Amer.  J.  Sci,  1907,  [iv],  24,  197. 

'  Jotirn.  Chem.  Soc,  1902,  81,  1243. 

*  Amer.  Chem.  J.,  1902,  28,  23;  Zeit.  ayiorg.  Chem.,  1903,  36,  92. 
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obtained  it  in  the  coherent  state,  and  Hillebrand  and  Norton  ^ 
have  prepared  it  in  large  quantity  by  the  electrolysis  of 
the  chloride,  whilst  Winkler  prepared  it  by  heating  the  di- 
oxide with  magnesium  powder ;  it  possesses  the  colour  and 
lustre  of  iron,  and  is  tolerably  permanent  in  dry  air,  but  in 
moist  air  tarnishes,  becoming  first  of  a  yellow,  then  of  a  blue, 
and  finally  of  a  green  colour.  It  is  as  soft  and  malleable  as  lead, 
and  can  be  hammered  and  rolled,  and,  when  warm,  drawn  into 
wire.  The  electrolytically  prepared  metal  has  a  specific  gravity 
of  6628  (Hillebrand  and  Norton),  7-0424  (Muthmann  and 
Weiss),  6-920  (Hirsch).^  Cerium  melts  at  623°  (Muthmann 
and  Weiss).  It  takes  fire  more  easily  than  magnesium,  and 
when  scratched  with  a  wire  or  scraped  with  a  knife  the  particles 
of  finely-divided  metal  which  are  rubbed  off  take  fire.  The 
same  phenomenon  is  observed  when  the  metal  is  struck  with  a 
piece  of  flint,  sparks  of  the  metal  flying  off  and  burning  with 
great  brilliancy.  The  metal  also  burns  in  the  flame  with  a 
much  more  brilliant  light  than  magnesium.  It  reacts  with  the 
elements  of  the  chlorine  group,  water,  and  acids  in  a  similar 
way  to  lanthanum,  but  concentrated  nitric  acid  converts  it  into 
a  brown  substance,  which  is  probably  chiefly  cerium  dioxide. 
The  alloys  of  cerium  with  other  metals  are  generally  hard  and 
brittle,  but  that  with  antimony  is  soft.  The  alloys  with  iron, 
nickel,  tungsten,  manganese,  cadmium,  and  several  other  metals 
yield  sparks  when  struck.^  With  tin  ^  definite  compounds  of 
the  formulae  Ce^Sn,  Ce^Sn.,,  and  CeSug  have  been  isolated,  and 
with  aluminium  *  compounds  of  the  formulai  CejAl,  CcgAI, 
CeAL  CeAlg,  and  CeAl^  are  obtained.  The  salts  of  cerium  find 
a  limited  application  in  medicine  as  a  remedy  for  sickness. 

According  to  Schiitzenberger  ^  and  Brauner*'  the  cerium  com- 
pounds prepared  from  cerite  invariably  contain  small  quantities 
of  the  derivatives  of  an  element  of  lower  atomic  weight ;  this 
has,  however,  been  disputed  by  other  workers,  and  the  question 
still  requires  investigation.'^ 

1  Pogg.  Ann.,  1875,  155,  631  ;  1875,  156,  466;  see  also  Muthmann,  Hofer 
and  Weiss,  Anncden,  1902,  320,  231 ;  1904,  331,  1. 

■■'  Trann.  Amer.  Electrochem.  Soc,  1911,  20,  57. 

3  Vogel,  Zeit.  anorg.  Ohem.,  1911,  72,  319. 

•>  Ibid.,  1912,  75,  41. 

=  Compt.  rend.,  1895,  120,  663,  962.  «  Gfiem.  News,  1895,  71,  283. 

'  Boudouard,  Compt.  rend.,  1897,  125,  772;  Brauner,  Proc.  C'hem.  Soc, 
1.898,  14,  69;  Wyrouboff  and  Verneuil,  Compt.  rend.,  1897,  125,  1180;  Dross- 
bach,  Ber.,  1900,  33,  3506. 
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CERIUM  COMPOUNDS. 

Cerium  and  Oxygen. 

362  Cerium  forms  three  oxides :  (1)  a  dioxide,  CeOg,  (2)  a 
sesquioxide,  Ce^Og,  and  (3)  a  peroxide,  CeOg.  The  sesquioxide 
and  the  dioxide  are  basic,  and  yield  corresponding  series  of 
salts  known  as  the  ccrous  and  eerie  salts,  but  the  dioxide, 
like  the  corresponding  lead  compound,  acts  in  many  respects 
as  a  peroxide. 

Oerous  Hydroxide,,  Ce(OH)g,  is  formed  as  a  white  precipitate 
when  ammonia  or  potash  is  added  to  solutions  of  the  cerous 
salts.  On  exposure  to  air  it  oxidises  very  rapidly,  and  becomes 
coloured  reddish-violet.  Cerium  sesquioxide  is  not  formed  by 
heating  the  dioxide  in  a  stream  of  hydrogen  as  was  formerly 
stated,  but  in  this  way  a  dark-blue  oxide  is  obtained  which 
has  a  composition^  approximating  to  Ce^O^.  A  hydroxide 
roughly  corresponding  to  this  last  substance  has  also  been 
obtained  by  allowing  cerous  hydroxide  to  oxidise  partially  in 
air.^  According  to  Burger  the  dioxide  is  reduced  by  calcium 
to  the  sesquioxide.  This  is  a  yellowish-green  powder,  which 
absorbs  oxygen  when  preserved,  and  burns  in  the  air  to  form 
the  dioxide.^ 

Cerhcm  Dioxide,  CeOg,  is  formed  when  a  cerium  salt  of  a 
volatile  oxy-acid  is  heated  in  the  air,  and  is  thus  obtained  as  a 
white  or  pale  straw-coloured  powder,  which  assumes  a  reddish 
tinge  on  ignition.  If  obtained  by  the  ignition  of  the  hydrated 
oxide  it  has  a  salmon  colour.  It  may  be  obtained  in  the 
crystalline  form  by  igniting  cerous  chloride  with  borax  in  a 
wind  furnace.*  It  dissolves  in  concentrated  sulphuric  acid, 
forming  a  dark  yellow  solution  which  has  powerful  oxidising 
properties,  and  evolves  considerable  quantities  of  active  oxygen. 

When  the  acid  sulphate  is  heated  with  caustic  potash,  or 
when  chlorine  acts  on  cerous  hydroxide  suspended  in  water, 
the  hydrated  dioxide,  Ce02,3H20,  is  formed  as  a  sulphur- 
yellow  powder,   whilst,  if  the  hydroxide  precipitated  by  the 

1  Meyer,  Zeit.  anorg.  Chem.,  1903,  37,  378;  Sterba,  Ann.  Ohim.  Phys., 
1904,  [8],  2,  193. 

^  Wyrouboff  and  Verneuil,  Oompt.  rend.,  1899,  128,  501  ;  see  also  Ann. 
Ohim.  Phys.,  1906,  [8],  9,  289. 

»  Ber.,  1907,40,  1652. 

*  Nordenskidld,  Pogg.  Ann.,  1861,  114,  612;  see  also  Sterba,  Compt.  rend., 
1901,  133,  294;  Ann.  Chim.  Phys.,  1904,  [81,  2,  193. 
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action  of  ammonia  on  a  solution  of  cerium  sulphate  is  dried 
at  385°,  a  bright  yellow  hydroxide,  Ce02,2H20  or  Ce(OHX,  is 
obtained,  which  does  not  lose  water  to  any  considerable  extent 
until  heated  to  600°.^  The  hydroxides  dissolve  in  hydrochloric 
acid,  yielding  a  deep  yellow  solution  which  on  heating  yields 
the  trichloride,  chlorine  being  simultaneously  evolved.  The  di- 
oxide behaves  therefore  both  as  a  basic  oxide  and  a  peroxide. 
A  higher  hydrated  'peroxide,  CeOg.aiHgO,  is  also  known.^ 

Cerium  dioxide  is  used  in  the  manufacture  of  mantles 
for  incandescent  gas  burners.  Mantles  composed  of  thoria 
alone  only  give  a  dull  light  when  heated  in  the  Bunsen 
flame,  whereas  the  addition  of  a  small  quantity  of  cerium  oxide 
causes  a  brilliant  incandescence.  The  maximum  brilliancy  is 
obtained  when  the  mantles  contain  99  per  cent,  of  thoria  and 
1  per  cent,  of  ceria,  whilst  a  greater  or  a  less  amount  of  ceria 
causes  a  marked  diminution  in  the  intensity  of  the  light.  No 
fully  satisfactory  explanation  of  this  phenomenon  has  as  yet 
been  given. 

Cerous  Compounds. 

363  Gerous  Hydride,  CeHg,  is  prepared  by  passing  hydrogen 
over  metallic  cerium  heated  at  250-270°.  It  is  a  dark-blue  or 
black  powder,  and  takes  fire  spontaneously  in  air^  ;  in  moist  air 
it  decomposes  very  rapidly  ;  it  is  decomposed  also  by  acids 
with  evolution  of  hydrogen  ^  and  formation  of  cerous  salts. 

Cermcs  Chloride,  CeClg,  is  formed  as  a  yellowish-white  sub- 
limate when  the  metal  is  heated  in  chlorine,  or  when  an 
intimate  mixture  of  the  oxide  and  carbon  is  heated  in  this 
gas.  It  may  also  be  prepared  by  heating  the  sulphide  first  in 
a  stream  of  carbon  dioxide  and  then  in  hydrogen  chloride. 
Prepared  in  this  way  it  is  a  white  crystalline  mass  which  dis- 
solves in  water  with  a  hissing  noise.^  The  boiling  point  of 
the  solution  in  alcohol  points  to  the  formula  CeClg.  The 
hydrated  salt,  2CeClg,15H20,  remains  behind  in  ill-defined 
crystals  when  a  solution  of  cerous  oxide  in  hydrochloric  acid 
is  allowed  to  evaporate  over  sulphuric  acid,  and  the  hydrate, 
CeClg.THgO,  has  also  been  obtained  in  rhombic  crystals.     On 

1  Carnelley  and  Walker,  Journ.  Ghem.  Boc,  1888,  53,  84. 

2  de  Boisbaudran,  Compt.  revd.,  1885,  100,  605. 

3  Dafert  and  Miklauz,  Monatsh.,  1912,  33,  911. 

^  Muthmann  and  Kraft,  Amrnlen,  1902,  325,  261,  281  ;  Kellinberger  and 
Kraft,  ibid.,  279. 
5  Muthmann  and  Stutzel,  Ber.,  1898,  31,  1829  ;  1899,  32,  3413. 
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heating,  it  decomposes  with  evohition  of  hydrogen  chloride  and 
formation  of  a  basic  chloride.  When  treated  with  hexamethyl- 
ene  tetramine  ^  a  compound  is  formed  of  the  formula 
CeCl,,,14H20,2CgHi2N4.  Cerous  chloride  is  hydrolysed^  to 
the  extent  of  0'14  per  cent,  in  a  1/32  normal  solution. 

Cerous  Bromide,  CeEpg,  is  obtained  as  a  hygroscopic  snow- 
white  crystalline  powder  by  passing  hydrogen  bromide  over 
heated  cerium  sulphide,^  The  anhydrous  bromide  *  may  also  be 
prepared  by  heating  the  oxide  in  a  mixture  of  sulphur  chloride 
and  hydrobromic  acid. 

Cerous .  Iodide,  Cel3,9H20,  forms  transparent  easily  soluble 
crystals  which  readily  decompose  with  evolution  of  iodine. 

Cerous  Sulphide,  CegSj,  is  formed  when  the  metal  is  burnt  in 
the  vapour  of  sulphur,  when  the  oxide  is  heated  in  carbon 
disulphide  vapour,  and  when  cerous  sulphate  is  heated  in  a 
current  of  sulphuretted  hydrogen.^  It  is  a  brown  or  purple- 
black  powder  of  specific  gravity  5'1.  When  the  oxide  is  fused 
with  three  parts  of  sodium  pentasulphide,  and  the  fused  mass 
lixiviated  with  water,  cerous  sulphide  is  obtained  in  small 
crystals  resembling  Mosaic  gold,  which  do  not  undergo  altera- 
tion on  exposure  to  the  air.^ 

Cerous  Sulphate,  Ce2(SO^)3,  dissolves  in  water  at  0°  to  the 
extent  of  40  parts  *  in  100,  whilst  at  100°,  100  parts  of  water 
dissolve  only  0'775.  The  solution  yields  a  number  of  crystalline 
hydrates.  With  stannic  sulphate  ^  a  double  salt  of  the  formula 
CeHSn(S0j4  is  formed  as  a  microcrystalline  powder.  Crystal- 
line derivatives  are  formed  by  cerous  sulphate  with  pyridine ' 
and  quinoline  sulphates. 

Potassium  Cerous  Sulphate,  3K2S04,Ce2(SOj3,  is  formed  when 
an  equal  or  greater  weight  of  potassium  sulphate  is  added  to 
a  solution  of  cerous  sulphate.  It  dissolves  in  about  56  parts 
of  water  at  20°,  and  is  almost  insoluble  in  a  concentrated  solu- 

1  Barbieri  and  Calzolari,  Atli.  R.  Accad.  Lincei,  1911,  [v],  20,  i.,  164. 

^  Denham,  Zeit.  anorg.  Ghem.,  1908,  57,  378. 

•'  Muthmann  and  Stiitzel,  Ber.,  1899,  32,  3413. 

''  Burion,  Gompt.  rend. ,  1907,  145,  243. 

'^  Muthmann  and  Stiitzel,  Ber.,  1899,  32,  3413  ;  Sterba,  Ann.  Ghim.  Phys., 
1904,  [8],  2,  193. 

«  Compare  Muthmann  and  Stutzel,  Ber.,  1899,  32,  3413;  Sterba,  A7m. 
Ghim.  Phys.,  1904,  [8],  2,  193. 

'  Muthmann  and  Bolig,  Zeit.  anorg.  Clif.m.,  1898,  16,  450;  compare  Brauner, 
Joiirn.  Ghem.  Soc,  1888,  53,  357. 

'  Weinland  and  Kiihl,  Zeit.  anorg.  Chem.,  1907,  54,  244. 

'■'  Kolb,  Melzer,  Merckle  and  Teufel,  Zeit.  anorg.  Ghem.,  1908,  60,  123. 
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tion  of  potassium  sulphate.  It  dissolves  readily,  however,  in 
acidified  water,  and  on  slow  evaporation  a  double  salt, 
Ce2(SOj3,2K2SO^,3H20,  crystallises  out.  If  less  than  the 
above  proportion  of  potassium  sulphate  is  added  to  a  solution 
of  cerous  sulphate,  another  salt  having  the  composition 
Ce2(SO^)3,K2SO^  is  formed  as  a  granular  crystalline  mass. 

Sodium  and  ammonium  sulphates  also  form  sparingly  soluble 
double  salts  with  cerium  sulphate.^ 

Cerous  Nitride,  CeN,  is  readily  prepared  by  heating  cerium 
in  a  current  of  nitrogen.  According  to  Dafert  and  Miklauz  ^ 
pure  cerium  nitride  cannot  be  got  by  the  foregoing  method ; 
the  pure  substance  is  obtained  by  heating  the  hydride  at 
800°-900°,  in  a  current  of  nitrogen.  It  is  a  lustrous  yellow 
or  bronze  substance,  stable  in  dry  air,  and  is  decomposed  by 
water  Avith  formation  of  ammonia,  hydrogen,  and  cerium 
dioxide.^ 

Cerous  Nitrate,  Ce(N03)3,6H20,  is  a  crystalline  mass  which 
begins  to  decompose  about  200°.  It  is  easily  soluble  in 
water  and  in  alcohol,  and  forms  crystalline  double  salts 
with  ammonium,''  sodium,  potassium,  rubidium,^  caesium,  and 
thallium  nitrates,  and  also  with  the  nitrates  of  pyridine,  quino- 
line,  and  piperidine.®  A  series  of  double  nitrates ''  of  the  general 
formula  2Ce(N03)3,3M(N08)2,24H20  is  formed  with  magnes- 
ium, nickel,  zinc,  cobalt,  and  manganese. 

Cerous  Phosphate,  CePO^,  occurs  in  the  mineral  monazite. 
This  mineral  often  contains  thorium,  tin,  manganese,  and  calcium 
in  varying  quantities.  It  crystallises  in  brownish  hyacinth-red 
monoclinic  crystals,  and  occurs  in  the  Urals,  in  Norway,  and  in 
several  localities  in  the  United  States  and  South  America. 

Cerous  Carbonate,  €62(003)3,  occurs  in  lanthanite,  and  may  be 
obtained  by  precipitating  a  solution  of  cerous  sulphate  with 
ammonium  carbonate.  The  precipitate  thus  obtained  has  the 
composition  €62(003)3,51120,  and  on  standing  assumes  the  form 
of  small  silky  needles. 

1  WolfiF,    Zeit.   arwrg.    Chem.,  1905,  45,   89;    Barre,    Compt.  rend.,  1910, 
151,  871. 

2  Monatah.,  1912,  33,  911. 

3  Muthmann  and  Kraft,  Annalen,  1902,  325,  261. 
^  Wolff,  Zeit,  anorg.  Chem.,  1905,  45,  89. 

^  Wyrouboff,  Bull.  Soc. /rang.  Min.,  1907,  30,  299;  Jantsch  and  Widgorow, 
Zeit.  anorg.  Chem  ,  1911,  69,  221. 
^  Kolb,  Melzer,  Merckle  and  Teufel,  Zeit.  anorg.  Chem.,  1908,  60,  123. 
'  Jantsch,  Zeit.  anorg.  Chem.,  1912,  76,  303. 
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The  nitrite/  bromate,^  Ce(Br03)3,9H20,  perchlorate/ 
CeCClOJggHp,  dithionate,!  CelS.fig\,12Bfi,  selenate,^ 
Ce/SO,)3,4H.,0,  ammoniomolybdate,^  (NHjBCe2MOip,8,24H20, 
silicotungstate,5  2(12W03)2Si02,3CeO,H20,27H20,  and  com- 
plex ferrocyanide,"  NHjCeFe(CN)g,  have  all  been  prepared. 

Ceric  Compounds. 

364  Ccric  Fluoride,  CeF^.HjO,  is  obtained  by  acting  on  hy- 
drated  cerium  dioxide  with  hydrofluoric  acid,  and  on  heating 
yields  water  and  then  hydrofluoric  acid  and  free  fluorine.' 
Ceric  fluoride  forms  double  compounds  ^  with  the  fluorides  of 
cadmium,  copper,  cobalt,  nickel,  and  zinc  which  have  the 
general  formula  MF2,2CeF^,7H20. 

Ccric  Sulphate,  00(804)2. — When  cerium  dioxide  is  heated 
with  concentrated  sulphuric  acid'  it  is  converted  without 
dissolving  into  ceric  sulphate.^  The  salt,  after  washing  with 
acetic  acid  and  drying  in  a  vacuum  over  potash,  is  obtained  as 
a  yellow  crystalline  powder.  It  is  very  soluble  in  water,  and 
the  solution  deposits  a  basic  salt  on  warming.  The  hydrated 
salt,  Ce(S04)^,4H20,  is  obtained  by  dissolving  the  dioxide  in 
dilute  sulphuric  acid  and  evaporating  the  salt  in  a  vacuum 
over  sulphuric  acid.  It  is  then  deposited  in  the  form  of  reniform 
masses  consisting  of  fine  crystals.  In  the  moist  state  these  are 
brown,  whilst  when  dried  they  are  yellow.  When  an  excess  of 
concentrated  sulphuric  acid  is  poured  on  the  dioxide  and  the 
solution,  diluted  with  water,  gradually  allowed  to  evaporate, 
ceri-cerohydrosulphute  is  deposited  in  fine  red  hexagonal  crystals. 
Some  doubt  exists  as  to  the  exact  composition  of  this  compound, 
which  is  givenby  Brauner  10  as  2Ce(S0  jj.CejCSO  J3,H2S0„24H20. 
On  further  evaporating  the  mother-liquor,  yellow  crystals  of 
00(804)2,41120  are  deposited. 

Ceric  sulphate  forms  double  sulphates  with  the  sulphates  of 

1  Morgan  anil  Cahen,  Jmirn.  Chein.  Soc,  1907,  91,  475. 
''  James  and  Langelier,  /.  Amer.  Ghem.  Soc,  1909,  31,  913. 
"  Cingolani,  Atti  R.  Accad.  Lincei,  1908,  [v],  17,  254. 
*  Barbieri,  Aui  B.  Accad.  Lincei,  1908,  [v],  17,  540. 
5  Wyrouboff,  Bull.  Soc.  frani;..  Min.,  1905,  28,  201. 
"  Robinson,  Joitrn.  Ghem.  Soc,  1909,  95,  1358. 
'  Brauner,  Monatsh.,  1882,  3,  8. 
"  Rinbach  and  Kilian,  Annalen,  1909,  338,  101. 
»  Meyer  and  Aufreoht,  Ber. ,  1904,  37,  140. 

"  Zeit.  anorrj.   Ghem  ,  1904,  39,  261,  where  a  summary  of  the  literature  is 
given  ;  see  also  WyrouboflF and  Verneuil,  Ann.  Ghim.  Phys.,  1906,  [8],  9,  289. 
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the  alkali  metals,  such  as  Ce(SOj2,2K2SO^,2H20,  a  compound 
which  is  deposited  in  small  yellow  monoclinic  crystals.  Ceric 
sulphate  is  decomposed  by  water  with  formation  of  basic  salts, 
the  composition  of  which  varies  according  to  the  quantity  of 
water  present. 

Ceric  Nitrate. — The  normal  salt  is  not  known,  but  when  a  solu- 
tion of  the  hydrated  dioxide  in  nitric  acid  containing  calcium 
nitrate  is  evaporated,  long  red  crystals  of  a  hasic  nitrate, 
Ce(N03)30H,3H,jO,  are  obtained.^  If  potassium  nitrate  be  added 
to  the  acid  solution,  and  the  liquid  allowed  to  crystallise  in  a 
vacuum  over  lime,  yellow,  glistening  six-sided  prisms  are  de- 
posited, having  the  composition  2Ce(N03)^,  2KN03,3H20.  Ceric 
nitrate  also  forms  double  salts  with  other  nitrates. 

Ceric  Ammonium  Nitrate;^  Ce(N03)^,NH^N03,2H20,  is 
prepared  by  the  electrolytic  oxidation  of  a  mixture  of  cerous 
and  ammonium  nitrates. 

Cerium  Carbide,  CeC2,  is  obtained  by  heating  cerium  dioxide 
with  sugar  charcoal  in  the  electric  furnace,  and  forms  a  reddish- 
yellow  transparent  crystalline  substance.  On  treatment  with 
water  it  yields  a  mixture  of  75  per  cent,  of  acetylene,  4  percent, 
of  ethylene,  and  21  per  ceat.  of  methane^ 

Ctritim  suicide,  CeSig,  is  obtained  when  cerium  dioxide  is 
heated  with  silicon  in  the  electric  furnace.''  It  forms  small 
crystals  having  a  steely  lustre  and  a  specific  gravity  of  5'67. 

Ceric  Selenite,^  Ce(Se03)2,  ceric  dihydrogen  arsenite,* 
Ce(H2As04)^,4H20,  ceric  iodate,''  and  ceric  monohydrogen 
arsenite,^  Ce(HAsOj2.6H20,  have  been  prepared. 


Detection  and  Estimation  of  Cerium. 

365  The  spark  spectrum  of  cerium  contains  a  number  of 
bright  lines,  of  which  the  brightest  and  most  characteristic  lie 
in  the  green  and  blue.  A  characteristic  reaction  for  the  cerium 
compounds  is  the  precipitation  of  red  ceric  hydroxide  when 
sodium  hypochlorite  is  added  to  a  colourless  cerous  salt ;  this 

'  Meyer  and  Jacoty,  Zeit.  anorg.  Chem.,  1901,  27,  359. 

2  Plancher  and  Barbieri,  Atti  B.  Accad.  Lincei,  1904,  [v],  14,  i.,  119. 

3  Moissan,   Compt.    rend.,  1896,  122,    357;  1897,  124,    1233;   Muthmann, 
Hofer,  and  Weiss,  Annalen,  1902,  320,  231. 

*  Sterba,  Oompt.  rend.,  1902,  135,  170. 

5  Barbieri  and  Calzolari,  Ber.,  1910,  43,  2214. 

8  Barbieri,  Atli  E.  Accad.  Lincei,  1907,  [v],  16,  i.,  644. 
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dissolves  in  warm  hydrochloric  acid  with  evolution  of  chlorine. 
The  other  reactions  have  already  been  described. 

In  order  to  estimate  cerium  quantitatively  the  solution  is 
precipitated  with  caustic  potash,  and  the  washed  and  dried 
precipitate  is  heated  in  the  air  in  order  to  convert  it  into  the 
dioxide,  or  it  is  precipitated  as  the  oxalate  and  converted  into 
the  dioxide  by  heating.  Cerium  may  be  estimated 
volumetrically  1  by  means  of  oxalic  acid  and  potassium  per- 
manganate, and  also  by  means  of  potassium  ferricyanide  and 
potassium  permanganate.^ 

The  Atomic  Weight  of  cerium  has  been  determined  by  several 
chemists.  The  early  work  of  Bunsen  ^  and  Rammelsberg  *  gave 
low  values ;  later,  Brauner^  and  Robinson''  found  140'2.  Still 
more  recently  Brauner,'^  by  the  analysis  of  cerium  oxalate  and 
sulphate,  obtained  the  number  140'25. 


PRASEODYMIUM.   Pr=i4o6. 

366  The  substance  originally  described  as  didymia  by 
Mosander  (p.  773)  was  found  by  Lecoq  de  Boisbaudran  in  1879  to 
contain  the  oxide  of  another  element,  named  by  him  samarium, 
from  which  it  was  separated  by  repeated  fractional  precipitation 
with  ammonia.  Didymia,  freed  from  samaria,  was  then  looked  on 
as  an  individual  substance  until  in  1885  Welsbach  ^  succeeded 
in  resolving  it  into  the  oxides  of  two  distinct  elements,  which 
he  termed  praseodymium  and  neodymium.  This  was  accom- 
plished by  the  oft  repeated  fractional  crystallisation,  from  a 
strong  nitric  acid  solution,  of  the  double  nitrate  of  the  metal 
with  ammonium,  or,  in  the  last  stage  of  the  process,  sodium 
nitrate.  The  separation  can  also  be  effected  by  means  of  the 
double  magnesium  nitrate  (Drossbach),  or  the  sulphate." 

These  two  substances  have  not  up  to  the  present  been  further 
resolved  and  appear  to  be  true  elements.     They  resemble  one 

1  Meyer  and  Schweitzer,  Zeil.  anorg.  Chem.,  1907,  54,  104. 

2  Browning  and  Palmer,  Amer.  J.  Sci.,  1908,  [v],  26,  83. 

3  Annalen,  185.3,  86,  265;  1858,  105,  40.         «  Pogg.  Ann.,  1859,  108,  40. 
5  Journ.  Ghem.  Soc,  1885,  47,  879  ;  Chem.  News,  1895,  71,  283. 

=  Proc.  Boy.  Soc,  1884,  37,  150. 

'  Brauner  and  Batek,  Zeit.  anorg.  Chem.,   1903,  34,   103:  Brauner,  ibid., 
207. 
8  Monatsh.,  1885,  6,  477. 
»  Muthmann  and  Rblig,  Ber.,  1898,  31,  1718. 
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another  closely  in  their  chemical  properties,  but  their  salts 
differ  very  strikingly  in  colour,  those  of  praseodymium  being 
green,  and  those  of  neodymium  rose-coloured.  The  proportions 
present  in  the  old  didymium  are  about  1  of  praseodymium  to 
2  of  neodymium. 

Praseodymium  has  been  prepared  by  Muthmann  and  Weiss  by 
the  electrolysis  of  the  chloride.  It  has  a  yellowish  colour  and 
is  unaffected  by  air,  melts  at  940°,  and  has  the  sp.  gr.  6'4754. 

Praseodymium  and  Oxygen. — This  metal  readily  forms  a  dioxide, 
PrOa,  which  is  obtained  pure  ^  by  heating  the  nitrate  with 
potassium  nitrate  at  400-450°.  It  is  a  black  powder  which 
yields  chlorine  with  hydrochloric  acid,  is  reduced  by  hydrogen 
peroxide,  and  in  acid  solution  oxidises  cerous  to  eerie  salts  and 
manganous  salts  to  permanganic  acid.  No  stable  salts  derived 
from  this  oxide  are  known. 

The  srsquioxide,  PrgOg,  is  obtained  by  heating  the  dioxide  or 
one  of  the  intermediate  oxides  in  hydrogen,  and  is  a  light 
green  powder  which  readily  dissolves  in  acids  forming  character- 
istic green  salts.  When  this  oxide  or  a  salt  of  the  metal  with  a 
volatile  acid  is  heated,  a  dark  coloured  oxide  is  formed,  the  com- 
position of  which  is  intermediate  between  Pr.^Og  and  PrO^  and 
varies  with  the  conditions  of  formation.  Various  formulae  have 
been  ascribed  to  this  substance,  such  as  FrJJ^,Vrfig  and  PrgO„. 

The  hydroxide,  Pr(0H)3,  is  a  light  green  amorphous  powder. 
A  hydrate  of  a  peroxide,  PrgOj,  is  also  known. 

Praseodymium  Chloride,  PrClg,  is  a  pale  green  crystalline 
mass,  melting  at  818°,  density  at  18°  4017  ;  it  is  very 
readily  soluble  in  water  and  alcohol,  and  yields  a  hydrate  with 
7H,0. 

The  fluoride,  PrFg,  is  obtained  ^  as  a  gelatinous  precipitate 
when  hydrofluoric  acid  is  added  to  a  solution  of  the  nitrate ;  on 
warming  it  yields  yellow  glistening  crystals. 

The  hromate,  Pr(Br03)3,9H20,  is  formed  in  the  same  way  as 
cerous  bromate. 

Praseodymium  Sulphate,  Pr,3(S04)3,  crystallises  with  SH^O  and 
forms  green  monoclinic  crystals.  Hydrates  with  5, 12,  and  IS^H^O 
are  also  known. 

Praseodymium  Nitrate,  Pr(N03)3,6H20,  crystallises  in  long 
needles,  and  forms  the  double  ammonium  salt, 

Pr(N03)3,2NH,N03,4H,0. 

»  Brauner,  Proc.  Chem.  Soc,  1901,  17,  66.        '  Popovici,  Ber.,  1908,  41,  634. 
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It  also  forms  double  nitrates  with  the  nitrates  of  rubidium/ 
magnesium,^  nickel,  cobalt,  zinc,  and  manganese. 

The  hydride,  carbide,  sulphides,  and  nitride  resemble  those 
of  lanthanum  in  chemical  properties. 

Praseodymium  is  best  detected  by  means  of  its  absorption 
spectrum,  which  contains  5  bands,  the  maxima  of  which  are 
situated  at  wave-lengths  596-8,  589-5,  481-2,  469-3,  and  444-7 
(Brauner).  The  oxide  acts  as  an  exciter  of  the  phosphorescence 
of  colourless  oxides  such  as  lanthana  and  yttria. 

Praseodymium  compounds  colour  the  borax  bead  ^  yellowish- 
green  in  the  oxidising  flame  and  green  in  the  reducing 
flame. 


NEODYMIUM.     Nd=  144-3. 

367  Neodymium  salts  are  very  difficult  to  prepare  free  from 
samarium,  but  this  was  accomplished  by  Demar^ay  *  in  1898. 

Neodymium  has  a  yellowish  colour  and  slowly  tarnishes  in 
the  air.     It  melts  at  840°,  and  has  the  sp.  gr.  6-9563. 

Neodymium  and  Ojcygen. — The  only  stable  oxide  is  the  ses- 
quioxide,  Nd.^03,  which  is  a  blue  powder,  and  is  not  affected  by 
ignition  in  the  air.  The  hydroxide,  ^  is  prepared  by  precipitat- 
ing a  solution  of  a  neodymium  salt  with  an  alkali  hydroxide.  If 
the  dried  product  is  heated  to  310°  a  greyish-brown  substance, 
2Nd.P3,3H20,  is  formed  whilst  at  525°,  Nd203,H,0,  a  grey  com- 
pound is  formed.  The  unstable  dioxide,  NdOj,  is  formed  by 
the  action  of  heat  on  the  oxalate  and  nitrate  in  an  atmosphere 
of  oxygen. 

The  salts  of  neodymium  are  derived  from  the  sesquioxide 
and  are  of  a  rose  to  a  violet-red  colour.*^  The  chloride  melts  at 
785°.  It  forms  hydrates  with  IH^O  and  6H2O,  and  derivatives 
with  alcohol  and  pyridine.  With  gaseous  ammonia  the  anhy- 
drous chloride  forms  derivatives  with  1,  2,  4,  5,  8,  11  and  12 
molecules  of  ammonia.  The  bromide  ^  is  prepared  in  the  same 
way   as  cerous  bromide,  and  the   fluoride  ^   as   praseodymium 

1  Jantsoh  and  Widgorow,  Zeit.  anorg.  Chem.,  1911,  69,  221. 

2  Jantsch,  Zeit.  anorg.  Chem.,  1912,  76,  303. 
^  Milbauer,  Zeit.  anal,  Chem.,  1907,  46,  457. 
"  Compt.  rend.,  1898,  126,  1039. 

°  Joye  and  Gamier,  Compt.  rend.,  1912,  154,  510. 

«  See  Matignon,  Ann.  Chim.  Phys.,  1906,  [8],  8,  243;  Compt.  rend.,  1906, 
142,  276;  Matignon  and  Trannoy,  ibid.,  1042. 
'  Burion,  Compt.  rend.,  1907,  145,  243.  s  Popovici,  Ber.,  1908,  41,  634. 
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fluoride.  The  sulphate  is  much  less  sohible  than  that  of 
praseodymium,  whilst  the  double  ammonium  nitrate  is  more 
soluble  than  the  corresponding  praseodymium  salt.  Double 
nitrates  ^  corresponding  with  those  of  praseodymium  are  formed 
by  neodymium  nitrate. 

The  absorption  spectrum  contains  more  than  20  bands,  one 
of  which,  of  wave-length  469-1,  almost  coincides  with  one  of 
the  praseodymium  bands.  Neodymium  salts  impart  a  violet 
colour  to  the  borax  bead  '^  when  heated  in  the  reducing  flame, 
but  no  colour  in  the  oxidising  flame.  Like  praseodymia,  the 
oxide  excites  phosphorescence  in  other  colourless  earths.  The 
oxide  when  heated,  especially  in  presence  of  other  oxides,  glows 
with  light  which  yields  a  discontinuous  spectrum,  a  phenomenon 
which  was  also  observed  with  the  old  didymium  oxide. 


SAMARIUM.  Sa  =  150-4. 

368  This  element  was  discovered  in  samarskite  by  Lecoq  de 
Boisbaudran  in  1879,  but  its  compounds  were  first  obtained 
quite  free  from  europium  aud  gadolinium  in  1904  by  Urbain 
and  Lacombe  ^  by  the  fractional  crystallisation  of  the  double 
magnesium  nitrates  to  which  the  corresponding  bismuth  salt 
had  been  added.  In  addition  to  the  salts  of  the  type  SaXg, 
samarium  forms  a  subchloride,  SaCI^.  It  and  europium  are  the 
only  elements  of  the  rare  earth  metals  to  form  compounds  of 
this  type. 

Metallic  samarium  is  of  a  whitish-grey  colour,  melts  at  1,300- 
1,400°,  has  a  sp.  gr.  of  about  7'7,  and  tarnishes  in  the  air.  The 
oxide,  Sa^Og,  has  a  faint  yellow  colour  and  does  not  form  a 
higher  oxide  when  heated  in  the  air.  The  salts  are  topaz-yellow 
coloured  and  show  a  faint  absorption  spectrum,  most  of  the 
bands  being  in  the  blue  or  violet.  A  large  number  of  them 
have  been  described  by  Cleve.*  The  chloride,  SaClg,  is  almost 
white,  melts  at  686°,  and  forms  a  hydrate  with  6H2O,  which 
crystallises  in  large  yellow  tablets.  The  anhydrous  salt  is 
soluble  5  in  alcohol  and  pyridine,  and  with  the  latter  substance 
forms  a  gelatinous  substance  on   heating   which  redissolves   on 

1  Jantsch  and  Widgorow,  Zeit.  anorg.  Ghem.,  1911,  69,  221  ;  1912,  76,  303. 

^  Milbauer,  Zeit.  anal.  Ghem.,  1907,  46,  457. 

'"  Gompt.  rend.,  1904,  138,  1166. 

■■  Bull.  Soc.  chim.,  1885,  (2),  43,  53. 

=  Matignon,  Ann.  Ghim.  Phys.,  1906,  8,  402. 
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cooling.  On  heating  in  hydrogen  it  is  reduced  to  samarous 
chloride,  and  on  heating  in  oxygen  it  3delds  an  oxychloride, 
SaOCl.  When  treated  with  ammonia,^  derivatives  containing  1, 
2,  3,  4,  5,  8,  9'5,  and  11'5  molecules  of  ammonia  are  formed. 
The  siohchloride,  SaCl,,  is  formed  when  the  chloride  is  heated 
in  dry  hydrogen  or  ammonia,  or  with  aluminium  powder.^  It  is 
a  reddish-brown  crystalline  mass  which  dissolves  in  water,  form- 
ing a  red-brown  solution  which  decomposes  with  evolution  of 
hydrogen  and  becomes  colourless.  A  corresponding  subiodide, 
Salj,  has  also  been  prepared. 


EUROPIUM.     Eu  =  i52-o. 

369  The  salts  of  this  element  were  first  obtained  from  Lecoq 
de  Boisbaudran's  samarium  by  Demar§ay  (1896),  and  were  first 
prepared  pure  by  Urbain  and  Lacombe  (1904).  The  separation 
from  samarium  is  effected  by  the  prolonged  fractional  crystalli- 
sation from  nitric  acid  of  the  magnesium  double  nitrates  in 
presence  of  bismuth  nitrate,  the  double  magnesium  nitrate  of 
which  is  intermediate  in  solubility  between  the  other  two.  The 
oxide,  EugOg,  and  the  salts  have  a  faint  pink  colour,  and  the 
latter  show  a  faint  absorption  spectrum.  This  element,  like 
samarium,  forms  a  lower  chloride,^  EuClj,  by  heating  the  higher 
chloride  in  hydrogen.  The  spark  spectrum  is  brilliant  and 
characteristic.  Europium  occurs  in  very  small  quantities, 
monazite  sand  containing  only  0'02  per  cent.  Its  presence  has 
been  detected  in  the  sun  and  certain  stars.* 


GADOLINIUM.     Gd  =  i57-3. 

370  This  element  was  discovered  in  1880  by  Marignac^  in 
samarskite,  and  its  salts  were  first  prepared  free  from  europium 
and  terbium  by  Urbain  and  Lacombe.''  The  oxide,  GdgOj,  is 
white  and  the  salts  are  colourless  and  do  not  show  absorption 
bands.^ 

'  Matignon  and  Trannoy,  Gompt.  rend.,  1905,  140,  141. 
2  Matignon  and  Gazes,  Ann.  Chim.  Phys.,  1906,  [8],  8,  417. 
^  Urbain  and  Bourion,  Compt.  rend.,  1911,  153,  1155. 
•■  Lunt,  Proe.  Roy.  Soc,  1907,  79,  A,  118. 
5  Ann.  Chim.  Phys.,  1880,  [5],  20,  535. 
"  Sen  also  Ui-bain,  Compt.  rmd.,  1905,  140,  583. 

'■  Benedicks,  Zeit.  anorg.  Chem.,   1900,  22,  393;  Popovici,  Ber.,   1908,  41, 
634. 
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TERBIUM.     Tb  =  159-2. 

371  The  existence  of  the  earth  originally  called  erbia  by 
Mosander  was  denied  by  Berlin  (1860),  and  by  Bahr  and  Bunsen 
(1866),  but  was  confirmed  by  Delafontaine  (1878)  and  by 
Marignac.  It  then  received  the  name  of  terbia,  the  designa- 
tion erbia  having  been  in  the  meanwhile  applied  to  the  rose- 
red  earth  described  below.  It  was  afterwards  found  that  all 
these  preparations  consisted  mainly  of  gadolinium,  and  pure 
terbium  compounds  were  first  obtained  by  Urbain  ^  by  fraction- 
ating the  nickel  double  nitrates,  the  ethyl  sulphates,  or  a 
mixture  of  bismuth  nitrate  with  the  nitrates  of  the  terbium 
earths.  According  to  Urbain,  terbium  forms  a  white  oxide, 
TbjOj,  and  a  dark  brown  peroxide,  which  appears  to  have  the 
composition  Tb^Oj,  and  is  obtained  by  igniting  the  oxalate.  The 
sesquioxide  is  strongly  magnetic.^  The  salts  ^  are  colourless  and 
show  no  absorption  spectrum.  The  presence  of  terbia  in 
gadolinia  renders  the  latter  yellow. 


DYSPROSIUM.  Dy  =162-5. 

HOLMIUM.  Ho  =163-5. 

ERBIUM.  Er  =167-7. 

THULIUM.  Tm  =  i68-5. 

372  The  terbia  originally  isolated  from  crude  yttria  by  Mosan- 
der subsequently  received  the  name  of  erhia  (Berlin),  and  has 
been  shown  by  Soret,  Cleve,  Thalen  and  Lecoq  de  Boisbaudran 
to  consist  of  at  least  four  earths,  the  true  erhia,  holmia,  thulia, 
and  dysprosia.  The  salts  of  all  these  show  absorption  bands,  but 
it  is  doubtful  whether  any  one  of  the  four,  with  the  possible 
exception  of  dysprosia,*  is  an  individual  substance.^  Thulium, 
according  to  Auer  von  Welsbach,^  consists  of  at  least  three 
elements,  which  he  names  thulium  I,  II,  and  III  respectively. 

'  C(m.pt..  rend.,  1905,  141,  521  ;  1906,  142,  957;  J.  Chim.  phys.,  1906,  4, 
31,  105. 

^  Urbain  and  Jantsch,  Compt.  rend.,  1908,  147,  1286. 

'■'  Potratz,  Ghem.  News,  1905,  92,  3;  Urbain  and  Jantsch,  Compt.  rend., 
1908, 146,  127. 

■•  Urbain,  Compt.  rend.,  1906,  142,  785  ;  143,  592. 

5  Compare  Zeit.  anorg.  Ghem.,  1892,  3,  353,  407. 

"  Monatsh.,  1911,  32,  373. 
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Erbium  forms  a  rose-coloured  oxide  and  salts  of  the  same  colour, 
which  in  solution  show  absorption  bands,  whilst  the  salts  ^  of 
dysprosium  are  green  or  yellow.  Dysprosium  oxide  is  very 
strongly  magnetic,^  being  12'8  times  as  strong  as  ferric  oxide. 
Holmia  is  yellow  in  colour^  and  the  salts  are  pale  yellow. 


NEO-YTTERBIUM.     Yb  =  i72-o. 
LUTECIUM.  Lu  =  i74-o. 

373  The  element  known  as  ytterbium  was  discovered  by 
Marignac  in  gadolinite  in  1878,*  and  was  separated  from 
scandium  by  Nilson  in  1880.  It  forms  one  oxide  of  the  type 
M^Og,  which  is  white ;  the  salts  are  colourless  and  yield  no 
absorption  bands,  but  the  spark  spectrum  is  characteristic 
(Thal^n).  Urbain,^  by  fractional  crystallisation  of  the  nitrate  of 
pure  ytterbia,  has  resolved  it  into  two  elements  which  he  terms 
lutecium  and  neo-ytterbium ;  of  the  three  characteristic  absorp- 
tion bands  of  the  "  old  "  ytterbium  the  a  and  /3  bands  belong  to 
neo-ytterbium  and  the  7  band  to  lutecium.  The  atomic  weights  * 
were  determined  by  analysis  of  the  hydrated  sulphates  prepared 
from  the  nitrates  which  had  been  subjected  to  15,000  recrystalli- 
sations.  Auer  von  Welsbach,^  by  the  fractional  precipitation 
of  ytterbium  oxalate,  has  also  resolved  ytterbium  into  two 
components  which  he  terms  aldebaraniuni  and  cassiopeium, 
these  elements  are  identical  with  neo-ytterbium  and  lute- 
cium. Welsbach  is  of  the  opinion  that  a  third  element  also 
is  present,  since  some  of  the  lines  present  in  the  spectrum  of 
the  old  ytterbium  do  not  appear  in  the  spectra  of  either  of  the 
new  elements.  The  compounds  of  the  two  elements  are  in- 
distinguishable chemically,  and  have  been  investigated  by 
Urbain,  Bourion,  and  Maillard,^ 


CELTIUM.     Ct. 

In    the   isolation    of  lutecium    from    the    gadolinite   earths 
Urbain"    obtained    a   small    quantity    of    an    uncrystallisable 
1  Jantsch  and  Ohl,  Ber.,  1911,  44,  1274. 
"  Urbain,  Compt.  rend.,  1908,  146,  922. 
^  Holmberg,  Arkiv  Kern.  Min.  GeoL,  1911,  4,  No.  2,  1. 
^  Compt.  rend.,  1878,  87,  578.  =  Urbain,  Compt.  rend.,  1907,  145,  759. 

"  Compt.  rend.,  1908,  146,  408.  '  Monalsh.,  1908,  29,  181. 

8  Compt.  rend.,  1909,  149,  127.  ^  Compt.  rend.,  1911,  152,  141. 
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mother-liquor,  which  contained  an  element  whose  oxide  had  a 
magnetic  susceptibility  3-4  times  less  than  that  of  lutecia.  The 
name  celtium  was  assigned  to  the  element.  The  arc  spectrum 
of  this  oxide  is  rich  in  lines,  the  most  intense  being  X  =  2685*2, 
2765-8,  3080-7,  3118-6,  and  3197-9.  The  oxide  is  less  basic  than 
lutecia  but  more  basic  than  scandia. 


3f2 
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GROUP 

IV. 

Suh-group  (a) 

Stih-graup  (h) 

Carbon. 

Silicon. 

Titanium. 

Germanium. 

Zirconium. 

Tin. 

(Cerium). 

Lead. 

Thorium. 

374  In  this  group  there  is  no  well-defined  division  of  the 
elements  composing  it  into  two  distinct  sub-groups,  such  as  is 
noticeable  in  the  others  of  the  first  seven  groups,  and  the 
differences  observable  between  the  members  of  the  odd  and 
even  series  are  only  of  minor  importance. 

Cerium  probably  belongs  to  this  group,  but  as  its  chemistry  is 
so  intimately  connected  with  that  of  the  other  members  of  the 
group  of  rare  earth  metals  it  has  been  described  along  with 
them  (p.  788). 

The  first  two  members  of  this  group,  carbon  and  silicon,  have 
already  been  described  among  the  non-metallic  elements.  Both 
exist  in  the  amorphous  and  crystalline  states,  silicon  melting 
only  at  a  very  high  temperature,  whilst  carbon  has  not  yet 
been  melted,  although  it  volatilises  at  the  highest  attainable 
temperatures.  The  remaining  elements  have  all  metallic 
properties,  and,  with  the  exception  of  tin  and  lead,  possess  high 
melting  points  ;  in  the  compact  state  they  undergo  at  most  a 
surface  oxidation  in  the  air  at  the  ordinary  temperature,  but 
when  strongly  heated  readily  combine  with  oxygen,  and,  except 
in  the  case  of  lead,  the  oxide  formed  in  presence  of  an  excess  of 
oxygen  is  the  dioxide.  The  dioxides  of  the  members  having 
the  lower  atomic  weights,  including  those  of  carbon  and  silicon, 
behave  chiefly  as  acid-forming  oxides,  but  they  become  more 
basic  as  the  atomic  weight  of  the  element  increases.  These 
oxides  correspond  in  each  case  with  a  series  of  salts  in  which 
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the  element  is  tetravalent,  and,  except  in  the  case  of  lead,  this 
series  includes  the  most  important  compounds.  Lead  in 
its  most  characteristic  compounds  is  divalent,  and,  as  is  so 
frequently  the  case  with  elements  having  a  high  atomic  weight, 
it  presents  many  resemblances  to  the  elements  having  the  next 
lowest  and  next  highest  atomic  weights,  viz.,  thallium  and 
bismuth. 

•  •  A  very  characteristic  series  of  double  salts  with  the  alkali 
halides  is  yielded  by  the  tetrahalogen  derivatives  of  most  of 
these  elements,  the  double  fluorides,  which  have  the  general 
formula  M'jM'^Fg,  being  the  most  important.  In  the  case  of 
silicon,  titanium,  germanium,  zirconium,  and  tin,  these  com- 
pounds are  isomorphous,  but  this  appears  not  to  be  the  case 
with  the  thorium  compound.  The  corresponding  salt  of  lead 
has  not  been  prepared,  but  an  acid  salt,  PbF^,3KF,HF,  exists, 
which  is  isomorphous  with  the  analogous  tin  salt,  SnF^,3KF,HF. 
Carbon  is  distinguished  from  all  other  elements  by  the  pro- 
perty possessed  by  its  atoms  of  uniting  together  in  open  or 
closed  chains,  forming  nuclei,  which  may  contain  as  many  as 
sixty  atoms,  and  which,  in  combination  with  the  other  elements, 
give  rise  to  the  immense  number  of  carbon  compounds.  The 
same  property  is  observable  to  a  very  small  extent  in  silicon, 
but  not  in  the  other  members  of  the  group.  In  addition  to 
the  typical  elements,  carbon  and  silicon,  only  germanium,  tin, 
and  lead,  i.e.,  the  members  of  the  "  odd  "  series,  yield  organo- 
metallic  derivatives. 


THE  TITANIUM   GROUP. 

TITANIUM,    Ti  =  48-i. 

375  The  Rev.  William  Gregor  ^  in  1789  discovered  a  new  metal 
contained  in  the  mineral  menachanite  or  ilmenite,  occurring  in 
Cornwall.  In  1795  Klaproth  investigated  the  composition  of 
the  mineral  rutile,  and  discovered  in  it  a  new  metal  to  which 
he  gave  the  name  of  titanium.  In  a  subsequent  investigation  of 
ilmenite,  in  1797,  he  found  that  the  metal  which  that  mineral 
contained  was  titanium.  Klaproth  found  that  rutile  consisted 
mainly  of  titanium  dioxide,  but  he  did  not  succeed  in  obtaining 

1  Crtll.  Ann.,  1791. 
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the  oxide  in  the  pure  state,  this  having  been  first  accomplished 
by  Rose  in  1821. 

Titanium  is  a  comparatively  rare  element,  and  is  not  found 
in  the  metallic  state.  It  occurs  as  the  dioxide,  TiOa,  in  three 
minerals,  rutile,  brookite,  and  anatase,  which  possess  different 
crystalline  forms,  and  also  in  combination  with  ferrous  and 
ferric  oxides  in  titanic  iron  ore  or  ilmenite,  FeTiOg ;  and  with 
lime  and  oxide  of  iron  in  perofskite,  (Ca,Fe)Ti03,  as  well  as 
in  titanite  or  sphene,  CaTiSiOj;  schorlomite,  Ca(Ti,Fe)Si05, 
and  keilhauite,  CaYt(Ti,Al,Fe)Si05.  Magnetic  iron  ore  also 
frequently  contains  larger  or  smaller  quantities  of  titanium  di- 
oxide, and  this  titanium  finds  its  way  into  many  blast-furnace 
slags  and  pig-irons.  Titanium  occurs  in  small  quantity,  in 
several  other  minerals,  and  traces  have  been  found  in  trap  and 
basalt,  in  many  amphiboles  and  micas,  and  in  garnet; 
hence  it  occurs  in  most  fertile  soils,  in  many  clays,  and  likewise 
in  certain  mineral  waters.  It  has  been  found  in  human  and 
ox  flesh  and  bone,'^  and  occurs  in  the  ashes  of  all  plants  ^  and 
in  many  peats,^  whilst  its  presence  has  been  detected  in  certain 
meteorites,  and  it  forms  an  important  constituent  of  the  solar 
atmosphere. 

Preparation  of  Metallic  Titanium:- — It  appears  very  doubtful 
whether  metallic  titanium  has  yet  been  obtained  in  the  pure 
condition ;  the  usual  methods  for  the  reduction  of  the  oxide, 
such  as  heating  with  metallic  sodium  and  magnesium,  yield 
products  which  still  contain  considerable  quantities  of  titanium 
monoxide,  and  the  product  obtained  by  the  action  of  sodium 
on  halogen  derivatives  of  titanium  also  usually  contains 
small  quantities  of  the  monoxide,  formed  by  the  action  of  the 
moisture  present,  and  of  the  nitride,  obtained  by  the  direct 
union  of  the  metal  with  nitrogen,  which  it  is  almost  impossible 
completely  to  exclude.  Owing  to  the  extreme  readiness  with 
which  titanium  and  nitrogen  combine  at  high  temperatures,  and 
to  the  metallic  appearance  of  the  nitride,  this  compound  was  mis- 
taken by  the  earlier  investigators  for  the  metal  itself,  as  was 
also  the  compound  which  it  forms  with  carbon  and  nitrogen,  now 
known  as  titanium  cyanonitride. 

The  nearest  approach  to  the  pure  element  has  been  obtained 
by  Moissan,  who  fused  carbon  with  an  excess  of  titanium  dioxide 

'  Baskerville,  /.  Amer.  Chem.  Soc,  1899,  21,  1099. 

2  Wait,  /.  Amer.  Ohem.  Soc,  1896,  18,  402;  Lippmann,  Ber.,  1897,  30,3037. 

3  Baskerville,  J.  Amer.  Chem.  Soc,  1899,  21,  402. 
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at  a  very  high  temperature  in  the  electric  furnace.  Three 
distinct  layers  are  found  in  the  solidified  product,  the  uppermost 
consisting  of  titanium  containing  about  5  per  cent,  of  carbon, 
the  second  of  the  nitride,  and  the  third  of  titanium  monoxide. 
If  the  top  layer  be  heated  again  with  an  excess  of  titanium 
dioxide  the  quantity  of  carbon  is  reduced  to  2  per  cent.,  and 
the  product  is  free  from  nitrogen  and  silicon.^  Thus  prepared 
titanium  has  a  brilliant  white  fracture  and  is  hard  enough  to 
scratch  rock  crystal  and  steel,  but  is  extremely  friable.  It  has 
a  specific  gravity  of  4-87 ,  and  on  heating  combines  with  the 
halogens  and  oxygen  with  incandescence,  It  dissolves  in  cold 
dilute  sulphuric  acid  with  evolution  of  hydrogen,  and  also  in 
hot  concentrated  hydrochloric  acid,  aqua  regia,  and  more  slowly 
in  nitric  acid,  and  decomposes  steam  at  700-800°.  Moissan  ^ 
has  distilled  this  titanium  in  the  electric  furnace  by  the  use  of 
a  current  of  great  intensity,  the  metal  condensing  in  small 
crystals. 

Nilsonand  Pettersson^  prepared  metallic  titanium  by  enclosing 
the  requisite  quantities  of  titanium  tetrachloride  and  sodium  in 
an  air-tight  cylinder  of  mild  steel,  and  exposing  the  latter  to  a 
red  heat.  The  metal  is  thus  obtained  in  yellow  scales,  which 
have  frequently  a  bluish  surface  colour.  These,  however,  still 
contain  a  considerable  quantity  of  oxygen,  probably  as  the 
monoxide.  A  still  less  pure  product  is  obtained  by  heating 
potassium  titanofluoride  with  sodium ;  the  amorphous  powder 
thus  obtained  resembles  reduced  iron  in  appearance  and  con- 
tains oxygen  and  usually  nitrogen  in  addition.  A  very  much 
purer  product  has  been  obtained  by  heating  titanium 
oxide  in  an  evacuated  iron  vessel  with  calcium  shavings.* 

Titanium  combines  with  nitrogen  with  extreme  readiness,  in 
this  respect  resembling  boron  and  magnesium ;  the  reaction 
commences  at  about  800°,  and  the  nitride  is  also  formed  together 
with  the  oxide  when  the  metal  burns  in  the  air. 

Metallic  titanium  in  the  form  of  its  alloys  is  used  in  the 
steel  industry.  It  appears  to  exert  a  refining  effect.  The 
tensile  strength  of  the  steel  is  improved.  Steel  to  which  a 
small  quantity  of  titanium  has  been  added  is  largely  used  on  the 
American  railways  and  for  bridge  construction. 

1  Moissan,  Compt.  rend.,  1895,  120,  290. 

2  Compt.  rend.,  1906,  142,  673. 

•'  Zeit.  physikal.  Chem.,  1887,  1,  25. 
^  Wedekind,  Anncden,  1913,  395,  149. 
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TITANIUM  COMPOUNDS. 

Titanium  and  Oxygen. 

376  Titanium  combines  with  oxygen  to  form  a  number  of 
oxides,  the  most  important  being  : 

Titanium  dioxide,  TiOj. 
Titanium  sesquioxide,  TigOg. 
Titanium  })eroxide,  TiOg. 

In  addition  to  these  the  monoxide,  TiO,  has  been  prepared,  and 
oxides  of  the  formulae  TigO^,  TigOj,  and  Ti^Ojg  have  been 
described ;  the  existence  of  the  last  three  is,  however,  doubtful. 
Titanium  Monoxide,  TiO,  is  obtained  in  the  form  of  black 
prismatic  crystals  by  heating  the  dioxide  strongly  in  the  electric 
furnace,^  and  is  also  formed,  together  with  magnesium  titanate, 
when  titanium  dioxide  is  heated  with  the  requisite  quantity  of 
magnesium  powder :  ^ 

2Ti02  +  Mg  =  TiO  +  MgTiOg. 

Titanium  Sesquioxide,  TigOg,  is  obtained  by  strongly  igniting 
titanium  dioxide  in  a  current  of  hydrogen  and  allowing  the 
product  to  cool  in  the  gas.  The  same  oxide  may  also  be  obtained 
as  a  copper-coloured,  lustrous  crystalline  mass,  together  with  the 
trichloride  and  oxychloride  of  titanium,  by  passing  a  mixture 
of  hydrogen  and  the  vapour  of  titanium  tetrachloride  over 
white-hot  titanium  dioxide.  It  is  not  attacked  by  nitric  or 
hydrochloric  acid,  but  sulphuric  acid  dissolves  it  with  formation 
of  a  violet  solution  (Ebelmen). 

The  hydrated  sesqidoxide  is  formed  by  digesting  a  solution  of 
titanic  acid  in  hydrochloric  acid  with  metallic  copper  at 
20°-40° ;  the  solution  attains  a  violet-blue  colour,  and  when 
poured  into  aqueous  ammonia  yields  a  dark-brown  precipitate 
of  titanous  hydroxide  (Fuchs).  The  hydroxide  is  formed  also 
when  a  solution  of  the  trichloride  is  precipitated  by  alkalis. 

When  titanium  sesquioxide  is  shaken  with  milk  of  lime  in 
the  presence  of  oxygen  it  is  oxidised  to  the  dioxide.  More 
oxygen  is  absorbed  than  is  necessary  for  this  change,  whilst 
hydrogen  peroxide  is  formed  in  amount  corresponding  to  the 
whole    of  the    oxygen  absorbed.     Water  must    therefore  take 

^  Moissan,  Gompt.  rend.,  1892,  115,  1034. 
^  Winkler,  Ber.,  1890,  23,  2658. 
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part  in  the  reaction,  and  the  phenomenon  is  probably  a  case  of 
autoxidation  (see  Vol.  I.,  p.  253).  In  the  same  way,  when 
the  sesquioxide  is  oxidised  by  a  solution  of  chromic  acid  in  the 
presence  of  potassium  iodide,  or  by  potassium  permanganate 
in  the  presence  of  tartaric  acid,  titanic  acid  is  formed,  and  at 
the  same  time  oxidation  of  the  potassium  iodide  or  tartaric 
acid  is  brought  about.^ 

Titanium  Dioxide,  TiOg,  is  trimorphous,  occurring  as  three 
different  minerals,  rutile,  anatase,  and  brookite.  Rutile  crys- 
tallises in  tetragonal  prisms,  having  a  specific  gravity  of  4'18-4"25, 
isomorphous  with  those  of  tin  dioxide  or  cassiterite,  and  possess- 
ing an  adamantine  lustre  and  a  brown  or  reddish  colour. 
Anatase  crystallises  in  a  totally  different  form  of  the  tetragonal 
system,  has  a  specific  gravity  of  3'82-3'95,  and  a  brown  or  black 
colour.  Brookite  crystallises  in  flat  rhombic  prisms  and  has 
a  specific  gravity  of  3"86-4'23. 

Amorphous  titanium  dioxide  is  obtained  by  the  decomposition 
of  aqueous  titanium  chloride  by  ammonia,  the  precipitate 
being  washed,  dried,  and  ignited  ;  or  it  may  be  directly  prepared 
from  rutile  or  titanic  iron  ore.  In  order  to  prepare  the  pure 
oxide  from  rutile,  the  finely-powdered  mineral  is  fused  with 
three  times  its  weight  of  potassium  carbonate,  the  solidified 
mass  powdered  and  dissolved,  in  a  platinum  vessel,  in  dilute 
hydrofluoric  acid,  potassium  titanofluoride  being  thus  formed 
and  the  ferric  oxide  left  free  from  titanium.  The  mass  is 
then  heated  with  sufficient  water  to  dissolve  the  whole  of 
the  titanium  double  salt,  the  liquid  boiled  and  filtered  hot. 
On  cooling,  the  mass  of  the  titanofluoride  crystallises  out,  and 
this,  after  washing  with  cold  water,  may  be  purified  by  re- 
crystallisation.  The  titanofluoride  is  then  dissolved  in  hot 
water  and  the  titanium  precipitated  by  ammonia  as  titanic 
hydroxide  containing  ammonia,  which  on  ignition  yields  pure 
titanium  dioxide  (Wohler).  Pure  titanic  oxide  may  also  be 
obtained  from  titanic  iron  ore  in  a  similar  manner,  or  by  fusing 
it  with  potassium  bisulphate,  or  by  igniting  it  in  a  mixture  of 
chlorine  and  hydrochloric  acid  when  ferric  chloride  is  volatilised 
(Friedel  and  Gu^rin) : 

2FeTi03 + 4HC1  +  CI2  =  2FeCl3  -|-  2Ti02 + 2Tifi. 

Amorphous  titanium  dioxide    is  a    white,    tasteless   powder 
which  when  gently  heated  has  a  lemon-yellow  colour,  and  when 
1  Manohot  and  Richter,  Ber.,  1906,  39,  320,  488. 
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strongly  ignited  appears  brown.  It  has  a  specific  gravity  of 
from  3'89  to  3"95,  and  when  very  strongly  heated  this  rises 
to  4'25. 

When  it  is  heated  with  microcosmic  salt  (Ebelmen)  or  with 
borax  (G.  Rose)  for  some  time  to  a  white  heat,  fine  crystals  of 
rutile  are  obtained,  which  have  a  specific  gravity  of  4'26. 
Crystalline  titanium  dioxide  can  also  be  obtained  by  passing 
the  gases  obtained  by  decomposing  molten  potassium  titano- 
fluoride  with  hydrogen  chloride  through  a  hot  platinum  tube 
into  which  a  current  of  moist  air  and  hydrogen  is  also  passed. 
In  this  way  Hautefeuille ''-  has  shown  that  by  treatment  at  a 
temperature  not  exceeding  the  boiling  point  of  cadmium  (778°), 
anatase  is  produced,  the  crystals  of  which  have  a  specific  gravity 
of  3'7  to  39 ;  at  a  temperature  of  about  1,000°,  steel-blue 
coloured  rhombic  crystals  of  brookite  are  obtained,  which  have 
a  specific  gravity  of  4'1,  and  closely  resemble  the  natural  crystals 
from  Miask.  At  still  higher  temperatures  again,  rutile  is  pro- 
duced, so  that  this  last  is  the  only  form  which  is  stable  at  a 
high  temperature,  and  in  an  acid  or  moist  atmosphere.^ 

At  the  temperature  of  the  oxy-hydrogen  flame  titanium 
dioxide  fuses,  forming  a  thin  liquid,  which  solidifies  to  a  confused 
crystalline  mass. 

In  its  chemical  properties  titanium  dioxide  closely  resembles 
the  corresponding  silicon  dioxide,  behaving  as  an  acid  anhydride. 
It  is  insoluble  in  water,  hydrochloric  acid,  and  dilute  sulphuric 
acid,  although  it  dissolves  when  digested  for  some  time  with 
hot  concentrated  sulphuric  acid.  The  amorphous  oxide  dissolves 
on  fusion  with  alkalis  or  alkali  carbonates,  unless  it  has  been 
strongly  ignited,  forming  the  titanates,  and  also  dissolves  slowly 
in  fused  potassium  hydrogen  sulphate,  yielding  a  clear  mass  which 
dissolves  perfectly  in  warm  water.  When  this  solution  is  boiled, 
the  hydrated  dioxide  is  precipitated.  Titanium  dioxide  corre- 
sponds to  the  most  important  series  of  titanium  salts  in  which 
the  metal  is  tetravalent. 

Titanic  Acid  and  the  Titanates. — As  is  the  case  with  the 
analogous  silicic  acid,  several  hydrates  of  varying  composi- 
tion are  known.  There  appears  to  be  little  doubt  that  the 
hydrates  orthotitanic  acid,  Ti(OH)^,  and  metaiitanic  acid, 
TiO(OH)2,  exist,  but  in  addition  others  have  been  prepared 
containing  quantities  of  water  intermediate  between  the  amounts 

1  Ann.  Chim.  Phys.,  1865,  [4],  4,  129. 

''=  Friedel  and  Gu^rin,  Bull.  Soc.  chim.,  1874,  22,  482. 
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required  for  these  two  formulae,  and  also  with  less  than  that 
required  by  the  latter  formula.  These  may  possibly  be  the 
hydrates  corresponding  to  the  complex  titanic  acids,  but  they 
have  not  been  obtained  of  sufficiently  definite  composition  to 
enable  this  to  be  ascertained. 

Orthotitanic  Acid,  Ti(OH)^,  is  obtained  by  adding  an  alkali  to 
a  cold  hydrochloric  acid  solution  of  a  titanate,  and  forms  a 
voluminous  white  precipitate  which  is  soluble  in  dilute  hydro- 
chloric acid  and  sulphuric  acid,  and  loses  water  on  drying,  form- 
ing other  hydrates.  When  heated  it  is  converted  into  the 
anhydride,  the  reaction  being  accompanied  by  evolution  of  light. 
When  allowed  to  remain  under  water  it  is  gradually  converted 
into  metatitanic  acid.'^ 

Metatitanic  Acid,  TiO(OH)2,  is  obtained  by  boiling  a  solution 
of  orthotitanic  acid  in  hydrochloric  acid,  or  by  the  action  of  nitric 
acid  of  specific  gravity  V25  on  titanium.  It  is  insoluble  in 
acids  with  the  exception  of  concentrated  sulphuric  acid.  When 
heated  it  is  converted  into  the  anhydride  without  evolution  of 
light. 

The  other  hydrates  also  are  frequently  spoken  of  as  "  ortho  " 
or  "  meta  "  acids,  according  as  they  are  soluble  or  insoluble  in 
dilute  acids. 

By  the  dialysis  of  a  hydrochloric  acid  solution  of  orthotitanic 
acid,  Graham  obtained  a  solution  of  colloidal  titanic  acid,  and 
von  der  Pfordten  has  also  obtained  the  acid  as  a  colourless  jelly.^ 

Potassitim  Titanate,  KgTiOg,  is  formed  as  a  yellow,  fibrous 
mass  when  the  dioxide  is  fused  with  potassium  carbonate.  On 
boiling  titanic  acid  with  caustic  potash  and  evaporating  the 
solution,  colourless,  readily  soluble  prisms  of  K2Ti03,4H20  are 
deposited.  When  a  hydrochloric  acid  solution  of  titanic  acid 
is  precipitated  with  potassium  carbonate,  an  amorphous  pre- 
cipitate of  potassium  trititanate,  K2Ti307,2H20,  is  thrown 
down,  and  this  in  presence  of  hydrochloric  acid  is  converted 
into  a  hexatitanate,  K2TigOi3,2H20.  The  fused  anhydrous 
normal  salt,  when  treated  with  water  in  excess,  also  yields  a 
trititanate,  K2Ti307,3H20,  as  a  fine  crystalline  powder. 

Calcium  Titanate,  CaTiOg.— This  occurs  in  the  Urals,  in  the 
valley  of  Zermatt  in  Switzerland,  and  at  Magnet  Cove,  Arkansas, 
as  the  mineral  perofskite,  which  contains  in  addition  1  to  6  per 
cent,  of  ferrous  oxide,  as  well  as  traces  of  manganese  and  mag- 
nesium. It  forms  rhombic  crystals  having  a  metallic  or  ada- 
'  Wagner,  Ber.,  1888,  21,  960.  '■'  Annakn,  1887,  237,  213. 
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mantine  lustre,  a  yellow  or  iron-black  colour,  and  a  specific 
gravity  of  4'0.  The  crystals  can  be  artificially  obtained  by 
strongly  igniting  a  mixture  of  titanium  dioxide,  lime,  and 
calcium  carbonate  (Ebelmen). 

Calcium  Titanosilicate,  CaTiSiOg,  is  found  as  titanite  or  sphene 
in  brown,  green,  or  black  monoclinic  crystals,  having  an 
adamantine  or  resinous  lustre  and  a  specific  gravity  of  3'4  to 
3'56,  occurring  imbedded  in  granite,  gneiss,  mica-schist,  and 
granular  limestone.  Titanite  can  be  obtained  artificially  by 
fusing  calcium  chloride  with  titanium  dioxide  and  silica.  The 
mineral  guarinite  has  the  same  composition  as  titanite,  and  is 
found  in  tetragonal  crystals,  having  a  specific  gravity  of  3 '487,  in 
small  cavities  in  a  greyish  trachyte  at  Monte  Somma. 

Ilmcnite,  or  Titanic  Iron  Ore,  FeTiOg. — This  mineral,  the  one 
in  which  titanium  was  first  discovered,  occurs  tolerably  widely 
distributed,  and  crystallises  in  black  hexagonal  crystals.  One 
of  its  most  important  localities  is  Krageroe,  in  Norway.  Fine 
crystals  are  also  found  in  Warwick  Co.,  New  York,  and  vast 
deposits  occur  at  Bay  St.  Paul,  in  Canada.  It  is  frequently 
found  in  the  finely-divided  state  as  sand  on  the  shores  of  the 
Mersey  opposite  Liverpool,  in  New  Zealand,  and  elsewhere. 
Its  specific  gravity  ranges  from  4'5  to  5,  and  its  composition  is 
a  variable  one.  It  was  thought  to  be  an  isomorphous  mixture 
of  the  sesquioxides  of  titanium  and  iron,  but  is  now  regarded  as 
a  derivative  of  titanium  dioxide.  Many  ilmenites  contain 
magnesia,^  and  the  formula  has  sometimes  been  written  as 
(Fe,Mg)0,TiO,. 

Titanium  Trioxide,  or  Titanium  Peroxide,  TiOg,  is  obtained  by 
dropping  titanium  chloride  into  dilute  alcohol  and  adding  a 
large  excess  of  hydrogen  peroxide  to  the  solution.  Ammonia, 
ammonium  carbonate,  or  potash  is  then  added,  and  after  a  time 
a  bright  yellow  precipitate  separates  out.  The  precipitate  con- 
sists of  a  hydrate  of  titanium  trioxide,  which  retains  water  and 
salts  very  persistently,  and  dissolves  in  hydrochloric  acid  with 
evolution  of  a  little  chlorine  and  formation  of  a  yellowish-red 
solution.^ 

When  titanium  trioxide  is  treated  ab  0°  with  hydrogen 
peroxide,  and  potash  and  alcohol  are  then  added,  crystals  of 
potassiumperoxide  hypertitanate,  KjO^.TiOg.KjOj.lOHgO, separate 
out,   whilst  if  soda  is  used  in  place  of  potash  the  compound 

'  Penfield  and  Foote,  Amer.  J.  Sci.,  1897,  [4],  4,  108. 
^  Classen,  Ser.,  1888,  21,  370. 
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formed  has  the  composition  (Na2O2)^,Ti2O7,10H2O.  These  sub- 
stances are  stable  at  0°,  but  lose  oxygen  at  ordinary  tempera- 
tures.^ 

Titanium  and  the  Halogens. 

377  Titanium  Trifluoride,  TiFg,  is  obtained  as  a  violet  powder 
by  igniting  potassium  titanofluoride  in  a  current  of  hydrogen  and 
treating  the  product  with  hot  water.  It  combines  with  ammo- 
nium fluoride,  forming  several  double  salts. 

Titanium  Tetrajluoride,  TiF^,  is  obtained  by  the  action  of 
fluorine  on  warm,  finely-powdered  titanium,  or  of  anhydrous 
hydrofluoric  acid  on  titanium  tetrachloride  at  100°-120°,  or  on 
powdered  titanium  at  a  red  heat,^  and  also  by  the  action  of 
liquid  anhydrous  hydrofluoric  acid  on  the  tetrachloride.^  It 
may  also  be  prepared  by  heating  barium  titanofluoride  to  a 
red  heat.*  It  is  a  white  solid  at  the  ordinary  temperature, 
boils  at  284°,  and  has  the  specific  gravity  2'798  at  20'.5°, 
whilst  its  vapour  density  at  444'  corresponds  with  the  formula 
TiF^.  It  is  very  hygroscopic  and  dissolves  in  water  to  a  clear 
solution,  which  on  evaporation  deposits  crystals  of  TiF^,2H20. 
With  dry  ammonia  it  forms  the  compound  TiF^,2NH3,  which 
sublimes  without  decomposition  and  is  soluble  in  water. 
Titanium  tetrafluoride  is  decomposed  by  hot  sulphuric  acid 
with  formation  of  the  dioxide. 

When  titanium  dioxide  is  dissolved  in  hydrofluoric  acid  a 
syrupy  liquid  is  obtained,  which  probably  contains  hydrogen 
titanofluoride,  HgTiFg.  The  titanojltcorides  are  isomorphous 
with  the  silicofluorides,  zirconofluorides,  and  stannifluorides. 

Potassium  Titanofluoride  or  Potassium  Fluotitanate,  KjTiFg. — 
This  salt  may  be  prepared  by  the  action  of  potassium  hydrogen 
fluoride  on  a  solution  of  titanium  dioxide  in  excess  of  concentrated 
hydrofluoric  acid.  It  crystallises  in  small  lustrous  leaflets, 
which  may  be  recrystallised  without  change  from  hydrofluoric 
acid.^  The  hydrated  salt,  KgTiFg.HgO,  is  prepared  either  by 
adding  potash  to  aqueous  hydrogen  titanofluoride  (Berzelius),  or, 
according  to  Wohler,  by  fusing  titanium  dioxide  in  a  platinum 
crucible   with   twice   its   weight  of  potassium   carbonate  and 

1  Melikoff  and  Pissarjewsky,  Ber.,  1898,  31,  678. 

2  Ruflf  and  Ipsen,  Ber.,  1903,  36,  1777. 

3  Rufifand  Plato,  Ber.,  1904,  37,  673. 
*  Emich,  MonaUh.,  1904,  25,  1907. 

"  Marchetti,  Zeit,  anorg.  Chem.,  1895,  10,  66. 
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dissolving  the  fused  and  pulverised  mass  in  a  platinum  dish 
in  the  requisite  quantity  of  dilute  hydrofluoric  acid.  The 
potassium  salt  then  crystallises  out  in  shining  scales  closely 
resembling  those  of  boric  acid  and  belonging  to  the  mono- 
clinic  system  (Marignac);  they  may  be  dried  between  filter 
paper  and  recrystallised  from  boiling  water.  It  loses  its  water 
at  100°,  and  melts  without  decomposition  at  a  white  heat. 
The  anhydrous  salt  may  be  obtained  from  the  hydrated 
salt  by  recrystallisation  from  concentrated  hydrofluoric  acid 
(Marchetti).  When  a  warm  solution  of  potassium  titanofluoride 
is  treated  with  hydrogen  peroxide,  potassium  titanoperoxy- 
fluoride,  Ti02F2,2KF,  is  formed.^ 

Sodium  Titanofluoride,  Na^TiFg,  is  obtained  in  a  similar 
manner  to  the  preceding  salt  in  hexagonal  prisms  most  probably 
isomorphous  with  sodium  silicofluoride  (Marignac).  A  solution 
containing  an  excess  of  hydrofluoric  acid  deposits  small  glisten- 
ing rhombic  crystals  having  the  composition  Na2TiFg,NaHF2. 

Ammonium  Titanofluoride,  (NH^)2TiFg. — This  salt  was  ob- 
tained by  Berzelius,  in  rhombohedra  isomorphous  wibh  the 
corresponding  tin  compound,  by  neutralising  hydrogen  titano- 
fluoride with  ammonia.  A  second  ammonium  salt  having  the 
composition  (NH^)2TiFg,NH^F  separates  in  tetragonal  crystals 
from  a  solution  of  the  preceding  salt  in  an  excess  of  ammonium 
fluoride. 

Titanium  Dichloride,  TiC]2,  was  obtained  by  Friedel  and 
Guerin  ^  by  passing  dry  hydrogen  at  a  dull  red  heat  over 
titanium  trichloride.  This  compound  is  a  very  hygroscopic 
light-brown  powder,  which  can  be  volatilised  in  hydrogen  at  a 
red  heat  without  fusion.  It  burns  like  tinder  on  exposure  to  air, 
giving  off  fumes  of  titanium  tetrachloride  and  leaving  a  residue 
of  titanium  dioxide.  It  hisses  when  thrown  into  water,  evolving 
hydrogen  and  yielding  a  yellow  liquid. 

Titanium  Trichloride,  TiClg. — When  the  vapour  of  titanium 
tetrachloride  mixed  with  hydrogen  is  passed  through  a  red-hot 
tube,  dark  violet  scales  of  the  trichloride  are  deposited  (Ebel- 
men).  It  may  also  be  obtained  by  heating  titanium  tetrachloride 
in  a  closed  tube  with  molecular  silver  at  180-200° : 

TiCl,  +  Ag  =  TiClj  +  AgCl. 
If  the  mixture  thus  obtained  is  heated  more  strongly,  the 

1  Piocini,  Zeit.  anorg.  Chem.,  1895, 10,  438. 

2  Ann.  Chim.  Phys.,  1876,  [5],  7,  24. 
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reverse  action  takes  place  (Friedel  and  Gu6rin).  Titanium  tri- 
chloride has  also  been  obtained  by  the  electrolytic  reduction 
of  a  solution  of  titanium  tetrachloride  in  dilute  hydrochloric 
acid,  violet  crystals  of  the  composition  TiClg.BHjO  being 
deposited  when  the  resulting  liquid  is  either  evaporated  in  vacuo 
or  saturated  at  0°  with  dry  hydrochloric  acid.^ 

Titanium  trichloride  is  non- volatile,  and  on  heating  decom- 
poses into  the  dichloride  and  tetrachloride.  When  heated  in 
the  air,  thick  vapours  of  titanium  tetrachloride  are  emitted  and 
titanium  dioxide  is  left  behind.  It  readily  deliquesces  on 
exposure  to  moist  air  and  dissolves  in  water  with  evolution  of 
heat,  yielding  a  reddish-violet  solution. 

Titanium  trichloride  is  a  powerful  reducing  agent.  Thus  when 
boiled  with  aqueous  sulphurous  acid,  sulphur  separates  out, 
whilst  nitric  acid  and  the  nitrates  are  reduced  by  it  to  ammonia 
(Knecht),  and  the  salts  of  gold,  silver,  and  mercury  to  the  metals. 
Standard  solutions  of  titanium  trichloride  have  been  used  in 
volumetric  analysis  for  the  estimation  of  ferric  iron,  which  is 
reduced  to  ferrous  iron,  and  also  for  the  analysis  of  a  number  of 
colouring  matters.^ 

Double  compounds  of  titanium  trichloride  with  the  chlorides 
of  rubidium  and  caesium* have  been  prepared,*  having  the  com- 
positions TiCl3,2RbCl,H20  and  TiCl3,2CsCl,H20. 

Titanium  Tetrachloride,  TiCl^. — Metallic  titanium  does  not 
combine  with  chlorine  at  the  ordinary  temperature,  but  when 
heated  it  burns  in  the  gas  with  brilliancy,  forming  the  tetra- 
chloride (Wohler).  According  to  Friedel  and  Gu^rin,  titanium 
dioxide  is  converted  in  presence  of  chlorine  at  a  white  heat 
into  titanium  tetrachloride,  oxygen  being  evolved.  The  tetra- 
chloride is  readily  obtained  by  passing  dry  chlorine  over  a  heated 
mixture  of  titanium  dioxide  and  carbon,  whilst  it  is  also  formed, 
together  with  carbonic  oxide  and  hydrogen  chloride,  when  chloro- 
form vapour  is  passed  over  heated  titanium  dioxide.* 

It  may  also  be  obtained  by  heating  powdered  ferro titanium  in 
a  current  of  chlorine  or  by  treating  ferrotitanium  with  hydro- 
chloric acid  to  dissolve  out  most  of  the  iron,  and  heating  the  dried 
residue  of  titanic  oxide  with  carbon  in  a  stream  of  chlorine.^  It  is 

1  Polidori,  Zeit.  anorg.  Chem.,  1899, 19,  306  ;  Stahler,  Ber.,  1904,  37,  4405  ; 
Spenee  and  Son,  German  Patent,  154,542. 

2  Knecht,  Ber.,  1903,  36,  166 ;  Knecht  and  Hibbert,  ibid.,  1903,  36,  1549  ; 
1905,  38,  3318  ;  1907,  40,  3819  ;  1910,  43,  3455. 

"  Stahler,  Ber.,  1904,  37,  4405.  '  Renz,  Ber.,  1906,  39,  249. 

■'  Vigouroux  and  Arrivant,  Bull.  Soc.  Mm.,  1907,  [4],  1,  19. 
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a  mobile,  transparent,  colourless  liquid,  having  a  specific  gravity 
of  1-7604  at  0°  (Pierre).  It  freezes  ^  at— 23°,  and  boils  at  136-4° 
(134-8°,  Emich),  its  vapour  having  the  normal  specific  gravity 
of  6-836  (Dumas).  It  possesses  a  penetrating  acid  smell,  and 
emits  dense  white  fumes  on  exposure  to  air. 

Titanium  tetrachloride  is  decomposed  by  an  excess  of  water 
with  formation  of  titanic  acid,  which  remains  dissolved  in  the 
aqueous  hydrochloric  acid  simultaneously  formed.  By  careful 
addition  of  water  it  is  possible  to  replace  the  chlorine  atoms  one 
by  one  by  hydroxy],  yielding  the  compounds  TiCl3(0H), 
TiCl2(OH)2,  and  TiCl(0H)3. 

Titanium  tetrachloride  yields  a  large  number  of  crystalline 
compounds  with  other  chlorides,  analogous  to  those  formed  by 
stannic  chloride.^  When  dry  ammonia  gas  is  passed  over  titan- 
ium tetrachloride  it  is  rapidly  absorbed,  and  a  very  hygro- 
scopic powder,  TiCl^,4NIl3,  is  formed  which  when  ignited 
yields  a  yellow  sublimate  of  TiCl4,3NH^Cl.  Other  com- 
pounds with  ammonia  ^  have  been  prepared  of  the  formulae 
TiCl4,6NH3  and  TiCl^,8NH3;  these  are  solid  bodies  which 
lose  ammonia  readily  in  air  and  on  extracting  with  liquid 
ammonia  yield  ammonium  chloride  and  a  dark  yellow  substance, 
titanamide,  Ti(NH2)4. 

Titanium  Oxyehloride,  Ti202Cl2,  is  obtained,  together  with  the 
trichloride,  when  a  mixture  of  hydrogen  and  the  vapour  of 
titanium  tetrachloride  is  passed  over  the  ignited  dioxide.  It 
forms  reddish-brown  translucent  crystals,  which  burn  when 
heated  in  the  air  with  formation  of  the  dioxide  and  the  tetra- 
chloride (Friedel  and  Guerin).  Other  oxychlorides  also  have 
been  prepared. 

Titanium  Trihromide,  TiBr3,6H20,  is  obtained  in  unstable, 
deliquescent,  violet-coloured  crystals  when  a  solution  of  titanium 
tetrabromide  in  hydrobromic  acid  is  electrolysed,  and  the  liquid 
then  saturated  with  hydrobromic  acid  gas.* 

Titanium  Tetrabromide,  TiBr^,  is  obtained  when  hydrobromic 
acid  is   passed  over  the  chloride''  as  an  amber-yellow  hygro- 

1  Emich,  MonatsTi.,  1904,  25,  907. 

2  See  Rosenheim,  and  Schiitte,  Zeit.  anorg.  Chem.,  1901,  26,  239  ;  Ruff  and 
Ipsen,  Ber.,  1903,  36,  1777. 

'  Stahler,  Ber.,   1905,  38,  2619.     See  also  Rosenheim  and  Schiitte,  Zeit. 
anorg.  Chem.,  1901,  26,  239. 
^  Stahler,  Ber.,  1904,  37,  4405. 
°  Thorpe,  Joum.  Chem.  Soc,  1885,  47,  126. 
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scopic,  finely  crystalline  mass  which  has  a  specific  gravity  of 
2-6,  melts  at  39°,  and  boils  at  230°.i 

Titanium  Tri-iodide,  Tilg.GH.jO. — Deliquescent,  violet  crystals 
of  this  composition  are  formed  by  the  electrolytic  reduction  of 
a  solution  of  the  tetra-iodide  in  hydriodic  acid.^ 

Titanium  Tetra-iodide,  Til^,  is  produced  when  iodine  vapour  is 
passed  over  heated  titanium  (Weber) ;  also  when  dry  hydriodic 
acid  is  passed  into  titanium  tetrachloride,  which  is  gradually 
heated  up  to  its  boiling  point.  The  small  quantity  of  free  iodine 
giving  a  violet  tinge  may  be  removed  by  three  or  four  distilla- 
tions in  a  stream  of  hydrogen  (Hautefeuille).  A  third  process 
consists  in  passing  the  vapour  of  titanium  tetrachloride  mixed 
with  hydrogen  and  iodine  vapour  through  a  tube  heated  to 
redness.  Titanium  tetra-iodide  forms  a  brittle  mass  having  a 
reddish-brown  colour  and  metallic  lustre.  It  melts  at  150"  to  a 
yellowish-brown  liquid,  which  solidifies  on  cooling  in  fine  octa- 
hedral crystals.  It  distils  without  decomposition  at  a  tempera- 
ture slightly  above  360'^  giving  rise  to  orange-coloured 
vapours.  The  specific  gravity  of  its  vapour  at  440°  has  the 
normal  value  of  1S'054.  It  fumes  strongly  in  the  air  and 
dissolves  readily  in  water. 

Titanium  and  Sulphue. 

378  Titanium  combines  with  sulphur  to  form  the  sulphides, 
TiSg,  TigSg,  and  TiS,  corresponding  to  the  oxides  of  the  metal. 

Titaniutn  Bisulphide,  TiSg,  is  obtained  by  passing  a  mixture 
of  titanium  tetrachloride  vapour  and  sulphuretted  hydrogen 
through  an  ignited  tube,  and  forms  large  brass-yellow  lustrous 
scales,  closely  resembling  mosaic  gold.  It  burns  when  ignited 
in  the  air,  yielding  titanium  dioxide  and  sulphur  dioxide. 

Titanium  Sesquisutphide,  Ti.^Sg,  is  formed  by  passing  a  mixture 
of  moist  sulphuretted  hydrogen  and  carbon  disulphide  vapour 
over  titanium  dioxide  heated  to  bright  redness,^  or  by  igniting 
the  disulphide  in  a  current  of  an  indifferent  gas ;  *  it  forms  a 
greenish-black  or  grey  powder. 

Titanium  Mo7iosulphide,  TiS,  is  prepared  by  heating  either  of 
the  foregoing  compounds  in  a  current  of  hydrogen  and  is  a 
lustrous  substance  resembling  bismuth. 

1  Duppa,  Proc.  Roy.  Soc,  1857,  8,  42.         '^  Stahler,  Ber.,  1904,  37,  4405, 
'  Thorpe,  Journ.  Ghem.  Soc,  1885,  47,  491. 
■*  von  der  Pfordten,  Annalen,  1886,  234,  290. 
VOL.  II.  3   G 
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Titaniuvi  Sesquisulphate,  Ti2(SOj3,8H20,  is  obtained  by 
dissolving  the  metal  in  dilute  sulphuric  acid.  The  violet  solu- 
tion on  concentration  agsumes  a  fine  blue  lustre  and  deposits 
small  tufts  of  crystals  (Glatzel).^  By  repeated  evaporation  in 
vacuo  of  a  solution  of  titanium  trichloride  with  dilute  sulphuric 
acid,  violet  crystals  of  the  composition  3Ti2(SO4)3,H2SO4,25H20 
are  obtained,  and  the  same  compound  is  formed  also  by  the 
electrolysis  of  a  solution  of  titanium  tetrachloride  in  concen- 
trated sulphuric  acid.  This  substance  forms  a  violet  solution  in 
water,  and  on  repeated  evaporation  with  concentrated  sulphuric 
acid  in  absence  of  air,  yields  the  anhydrous  sesquisulphate  as  an 
insoluble  green  crystalline  powder  (Stabler).  Titanium  sesqui-. 
sulphate  is  decomposed  by  heat  into  sulphur  dioxide,  sulphur 
trioxide,  and  titanium  dioxide.  It  forms  an  alum  with  caesium 
sulphate,  Cs2S04,Ti2(SOj3,24H20,  which  crystallises  in  cubes, 
and  a  similar  alum  with  rubidium  sulphate,^  whilst  a  double 
sulphate,  Ti2(S04)3,Na2S04,5H20,  has  also  been  prepared.^  The 
violet  acid  salt  forms  with  rubidium  and  ammonium  sulphates 
the  compounds  3Ti2(SOj3,Rb2SO^,24H20  and  3Ti2(SOJ3, 
(NHJ2S0„18H20  (Stabler). 

Normal  Titanmm  Disulphate,  Ti(SO^)2,3H20,  is  formed  by 
the  oxidation  of  the  sesquisulphate  with  nitric  acid,  and  on 
evaporation  remains  as  a  transparent  yellowish  deliquescent 
amorphous  mass.  The  sulphate  forms  double  salts,  such  as 
K2SO„Ti(SOj2,3H20 ;  Ti(S0j2.CaS0„  etc.* 

Basic  Titanium  Sulphate,  (TiO)SO^,  is  obtained  as  a  hard  white 
mass  by  dissolving  dry  titanic  acid  in  boiling  sulphuric  acid  and 
evaporating,^  whilst  crystals  of  (TiO)SO^,5H20  are  obtained  by 
boiling  titanic  acid  with  alcoholic  sulphuric  acid  and  evapo- 
rating.^ Several  other  basic  sulphates  have  been  prepared '  by 
heating  titanium  dioxide  with  sulphuric  acid  in  sealed  tubes  at 
different  temperatures. 

1  Compare  Stabler,  Ber.,  1905,  38,  2619. 

2  Piocini,  Gazz. ,  1895,  25  (ii.),  542  ;  Zeit.  anorg.  Chem.,  1898,  17,  355. 
^  Spence  and  Son,  German  Patent,  149602  (1904). 

■*  Weinland  and  Ktlhl,  Zeit.  anorg.  Chem.,  1907,  54,  253. 
'>  Merz,  /.  pr.  Chem.,  1866,  99,  157. 

»  Rosenheim  and  Schiitte,  Zeit.  anorg.  Chem.,  1901,  26,  239. 
'  Blondel,  Bull.  Soc.  chim.,  1899,  [3],  21,  262. 
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Titanium  and  Nitrogen. 

379  Titanium  is  one  of  the  elements  which  very  readily 
combine  with  nitrogen,  and  several  compounds  of  these  two 
elements  are  known. 

Normal  Titanium  Nitride,  TigN^,  is  obtained  as  a  copper- 
coloured  substance  by  heating  ammonio-chloride  of  titanium, 
TiCl4,4NH3,  by  itself  (H.  Rose),  or  better  in  a  stream  of  am- 
monia gas.^  This  was  originally  supposed  to  be  metallic 
titanium,  but  Wohler  ^  proved  that  it  consisted  of  a  nitride  of 
titanium  having  the  above  composition. 

Titanium  Dinitride,  TiNg,  is  obtained  as  a  dark-blue  powder, 
having  a  copper-red  lustre,  resembling  sublimed  indigo,  by 
strongly  igniting  titanium  dioxide  in  a  current  of  ammonia  gas 
(Wohler). 

Titanium  Mononitride,  TiN  or  Ti^Ng,  is  obtained  by  heating 
titanium  dioxide  very  strongly  in  the  electric  furnace  in  presence 
of  nitrogen,  and  is  a  bronze-yellow  mass  which  has  a  specific 
gravity  of  5'18  and  is  hard  enough  to  scratch  rubies  and  cut 
diamonds.^ 

Titanium  and  Carbon. 

380  Titanium  Carbide,  TiC,  is  prepared  by  fusing  titanium 
dioxide  with  an  excess  of  carbon,  or  with  calcium  carbide  in  the 
electric  furnace,  and  is  thus  obtained  as  a  mass  having  a  crystal- 
line fracture,  and  a  specific  gravity  of  4'25 ;  it  is  not  attacked 
by  hydrochloric  acid,  is  only  slowly  dissolved  by  aqua  regia, 
and  does  not  decompose  steam  at  700°.  In  other  respects  it 
closely  resembles  metallic  titanium,  but  burns  more  readily  in 
oxygen.* 

Steel-grey  crystals  of  titanium  carbide  have  also  been 
obtained  from  cast  iron  prepared  from  ores  containing 
titanium.^  Titanium  carbide  is  used  for  making  arc  lamp 
electrodes. 

Titanium  Cyanonitride. — ^When  iron  ores  containing  titanium 
are  reduced  in  the  blast-furnace  small  brilliant  copper-coloured 
cubes,  which  are  hard  enough  to  scratch  glass  and  are  almost 
infusible,  are  found  in  cavities  both  of  the  slag  and  of  the  metal. 

1  Liebig,  Pogg.  Ann.,  1830,  21,  259.  ^  Annalen,  1850,  73,  34. 

^  Moissan,  Compt.  rend.,  1895,  120,  290. 

*  Moiasan,  Compt.  rend.,  1895,  120,  290 ;  1897,  125,  839. 

=  Shimer,  Chem.  News,  1887,  55,  156. 
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A  mass  containing  as  much  as  80  lbs.  has  been  found  in  a  single 
blast-furnace  in  the  Harz.  This  substance  was  examined  by 
Wollaston  in  1822  and  believed  by  him  to  be  metallic  titanium  ;  ^ 
but  Wohler  in  1849  showed  that  it  contained  nitrogen  and 
cyanogen,  and  gave  to  it  the  formula  Ti(CN)2,3Ti3N2.  He 
likewise  obtained  it  artificially  ^  by  heating  a  mixture  of  ferro- 
cyanide  of  potassium  and  titanium  dioxide  in  a  well-closed 
crucible  at  a  temperature  sufficient  to  melt  nickel.  Titanium 
cyanonitride  can  also  be  prepared  by  heating  to  whiteness  a 
mixture  of  titanium  dioxide  and  charcoal  in  a  tube  of  gas  carbon 
in  a  stream  of  dry  nitrogen  (Deville  and  Wohler).^  A  third 
method  of  preparation  is  to  fuse  potassium  cyanide  in  the 
vapour  of  titanium  tetrachloride  (Wohler).  It  has  a  specific 
gravity  of  5'28,  and  is  attacked  only  by  a  mixture  of  nitric  and 
hydrofluoric  acids.  When  ignited  in  a  current  of  steam  it  is 
decomposed  as  follows  : 

Ti(CN)2,3Ti3N2 + 2OH2O  =  2HCN  +  lOTiO^  -I-  6NH3 + lOH^. 

Chlorine  also  decomposes  this  substance  at  a  red  heat, 
titanium  tetrachloride  and  a  volatile  sublimate  consisting  of  a 
compound  of  titanium  tetrachloride  and  cyanogen  chloride 
being  formed.  When  fused  with  potash  ammonia  is  given  off, 
potassium  titanate  being  produced. 


Detection  and  Estimation  of  Titanium. 

381  Titanium  is  distinguished  from  tin  inasmuch  as  its  oxides 
are  not  reduced  to  the  metallic  state  when  heated  on  charcoal 
before  the  blowpipe.  With  microcosmic  salt  titanium  dioxide 
yields  a  colourless  bead  in  the  outer  flame,  but  in  the  inner 
flame  the  bead  is  yellow  whilst  hot  and  assumes  a  violet  colour 
on  cooling.  According  to  Riley  the  delicacy  of  this  reaction  is 
increased  by  melting  metallic  zinc  in  the  microcosmic  bead 
heated  on  charcoal,  a  distinct  coloration  being  then  obtained 
when  the  zinc  is  burnt  away,  even  with  minute  quantities  of 
titanium.  When  fused  in  the  microcosmic  bead  with  addition 
of  a  small  quantity  of  an  iron  salt  in  the  reducing  flame,  a 
bright-red  bead  is  obtained.  Titanium  compounds  do  not 
colour  the  gas-flame,  but  both  the  spark  and  the  arc  spectrum 

1  Phil  Tram.,  1823,  113,  17.  '■'  Annahn,  1850,  73,  34  ;  74,  212. 

^  Annahn,  1857,  103,  230. 
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show  an  enormous  number  of  bright  lines,  chiefly  in  the  blue 
and  green,  which  have  been  carefully  mapped  by  Thal^n  and 
others. 

Metallic  zinc  placed  in  a  hydrochloric  acid  solution  of  titanic 
acid  evolves  hydrogen  and  the  liquid  assumes  a  violet-blue 
colour;  a  dark  violet  precipitate  is  formed  if  the  solution  be 
not  too  dilute,  and  this  gradually  turns  white  by  oxidation. 
The  violet-blue  solution  when  diluted  with  water  assumes  a 
rose-colour,  and  this  reaction  serves  for  the  detection  of 
small  quantities  of  titanium.  Sodium  thiosulphate  when 
boiled  with  a  nearly  neutral  solution  of  a  titanate  precipitates 
the  whole  of  the  titanic  acid,  and  this  reaction  serves  as  a  means 
of  separating  titanium  from  iron  and  the  metals  of  the  cerium 
group. 

In  order  to  remove  silica,  when  present,  the  mixture  is 
evaporated  with  hydrofluoric  acid,  the  silicon  being  expelled  as 
silicon  tetrafluoride. 

Titanium  is  always  estimated  gravimetrically  in  the  form  of 
titanium  dioxide,  this  being  thrown  down  from  its  solutions  in 
acids  by  ammonia,  or  by  saturating  with  sulphur  dioxide  and 
boiling.  Titanium  may  also  be  estimated  volumetrically  by 
reducing  titanium  dioxide  to  titanium  sesquioxide  by  means  of 
zinc  in  an  acid  solution  and  subsequently  oxidising  with  standard 
permanganate. 

Atomic  Weight  of  Titanium. — The  atomic  weight  of  titanium 
was  first  determined  by  Rose^  in  1829  by  decomposing  titanium 
tetrachloride  with  water,  weighing  the  titanic  acid  formed  and 
estimating  the  chlorine  in  the  filtrate,  the  number  found  being 
47'72.  A  redetermination  was  made  in  1885  by  Thorpe,^  who 
analysed  pure  titanium  tetrachloride  and  tetrabromide,  the 
amount  of  silver  required  for  complete  precipitation  of  the 
halogen,  the  amount  of  silver  halide  formed,  and  the  quantity 
of  titanium  dioxide  yielded  by  each  being  ascertained  ;  the 
average  of  the  results  of  the  six  series  of  experiments  gave  the 
number  48'1,  which  is  at  present  (1913)  adopted. 

1  Pogg.  Ann.,  1829,  15,  145.  ^  Joum.  Chem.  Soc,  1885,  47,  108. 
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ZIRCONIUM.    Zr.  =  9o-6. 

382  In  1789  Klaproth  found  a  new  earth  in  the  mineral  zircon, 
to  which  he  gave  the  name  of  zirconia.  He  discovered  in  1795 
that  the  same  earth  was  contained  in  hyacinth,  a  mineral  found 
in  Ceylon,  and  he  thus  ascertained  the  truth  of  Werner's  previous 
supposition  that  these  two  minerals  were  identical.  Zircon  and 
hyacinth  possess  the  formula  ZrSiO^,  and  are  more  or  less  coloured 
by  ferric  oxide.  Zirconium  is  likewise  found  in  a  few  other 
rare  minei'als,  and  occurs  in  appreciable  quantities  in  Nor- 
wegian granite,  together  with  thorium  and  several  of  the  rare 
earths.^ 

The  metal  zirconium  was  first  obtained  by  Berzelius  in  the 
form  of  an  iron-grey  powder  by  heating  potassium  zirconofluo- 
ride  with  potassium.  The  metal  can  also  be  obtained,  according 
to  Troost,  by  passing  the  vapour  of  zirconium  chloride,  ZrCl^, 
over  heated  sodium.  The  ignited  amorphous  metallic  powder 
thus  obtained  is  so  finely  divided  that  it  passes  through  the 
pores  of  filter  paper,  but  it  assumes  a  metallic  lustre  under  the 
burnisher.  The  amorphous  metal  may  also  be  prepared  by 
heating  zirconia  with  magnesium  powder,^  and  thus  prepared  it 
has  a  velvet-black  appearance  like  wood  charcoal. 

Wedekind^  has  obtained  a  metal  containing  99'09  per  cent, 
of  zirconium.  He  heats  an  intimate  mixture  of  ZrOj  and 
calcium  shavings  in  an  evacuated  iron  vessel.  When  the 
reaction  is  completed  the  contents  of  the  tube  are  treated 
successively  with  water,  acetic  acid,  dilute  hydrochloric  acid, 
and  water,  all  the  operations  being  conducted  in  absence  of  air. 
The  residual  powder  is  then  washed  with  acetone  and  dried  in 
vacuo  at  250-300° ;  finally,  at  a  temperature  of  800-1000°,  the 
powder  sinters,  but  does  not  melt;  it  exhibits  a  mirror-like 
brilliancy  on  polishing. 

Crystallised  zirconium  was  first  obtained  by  heating  potassium 
zirconofluoride  with  aluminium  at  the  temperature  of  melting 
iron ;  it  is,  however,  best  prepared  by  heating  zirconia  in  the 
electric  furnace  with  an  insufficient  quantity  of  carbon  for  its 
complete  reduction,  and  is  thus  obtained  as  a  metallic  button  con- 

1  Phipson,  Chem.  News,  1896,  73,  145. 

2  Phipson,    Compt.  rend.,    1865,    61,   745;    Chem.    News,    1906,   93,   119; 
Winkler,  Ber.,  1890,  23,  2664. 

^  Annalen,  1913,  395,  149  ;  compare  also  Weiss  and  Neumann,  Zeit.  anorg. 
Chem.,  1910,  65,  248. 
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taining  some  zirconia  but  free  from  carbon  and  nitrogen.  It 
may  also  be  obtained  by  heating  the  carbide  with  zirconia  in  a 
similar  manner/  or  by  heating  potassium  zirconofiuoride  with 
magnesium  in  the  electric  furnace.^ 

Crystallised  zirconium  forms  broad,  apparently  monoclinic, 
plates,  has  a  specific  gravity  of  4'08  at  15°,^  and  is  hard 
enough  to  scratch  glass  and  rubies.  It  is  only  very  slowly 
oxidised  in  the  air  even  at  a  white  heat,  but  burns  in  the  oxy- 
hydrogen  flame,  and  yields  the  chloride  when  heated  to  dull 
redness  in  chlorine  or  hydrogen  chloride  It  is  also  dis- 
solved by  caustic  potash  with  evolution  of  hydrogen.  It  is 
only  slowly  attacked  by  acids,  with  the  exception  of  hydro- 
fluoric, even  on  heating,  but  is  rapidly  oxidised  by  aqua  regia. 
The  amorphous  metal  readily  takes  fire  in  the  air  on  warming. 


ZIRCONIUM  COMPOUNDS. 

383  ^irconiiCm  Oxide  or  Zirconia,  ZrOg. — In  order  to  prepare 
this  oxide  zircon  is  ignited  and  then  quenched  in  water.  The 
powdered  mineral  is  mixed  with  three  to  four  times  its  weight 
of  acid  potassium  fluoride,  and  gently  heated  in  a  platinum 
vessel  until  all  moisture  has  been  driven  off.  The  platinum 
crucible  is  then  placed  in  a  Hessian  one,  and  both  are  well 
covered  and  exposed  for  two  hours  to  the  strongest  heat  of  a 
wind  furnace.  The  porcelain-like  mass  thus  obtained  is  boiled 
with  water  containing  hydrofluoric  acid,  and  the  insoluble 
potassium  silicofluoride  filtered  off.  On  cooling  the  solution, 
crystals  of  potassium  zirconofluoride  are  deposited,  and  these  are 
purified  by  recrystallisation.  The  pure  salt  is  then  heated  with 
sulphuric  acid  until  all  the  hydrofluoric  acid  is  driven  ofl"; 
the  residue  is  dissolved  in  water,  and  the  zirconia  precipitated 
in  the  cold  by  ammonia.* 

In  order  to  avoid  the  use  of  hydrofluoric  acid,  the  very  finely 
powdered  zircon  may  be  treated  as  follows.  It  is  first  fused 
with  hydrogen  potassium  sulphate  and  the  fused  mass  repeatedly 
boiled  out  with  water  containing  sulphuric  acid  when  a  residue 
of  basic   zirconium    sulphate,  4Zr02,3S03,14!H20,   is  obtained, 

'  Moissan,  Compt.  rend.,  189.3,  116,   1222;  Troost,  ibid.,  1428. 

2  Wedekind,  Zeit.  Elektrochem. ,  1904,  10,  331. 

'  Meyer,  Monatsh.,  1899,  20,  793. 

*  Homberger,  Annalen,  1876,  181,  2.32. 
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which  is  next  fused  with  caustic  soda  in  a  silver  basin.  This  is 
then  lixiviated  with  water,  the  residual  zirconia,  which  contains 
soda,  washed  with  hot  water  and  dissolved  in  hot  concentrated 
sulphuric  acid,  the  solution  filtered  and  precipitated  with 
ammonia.!  'p}jg  precipitate  thus  obtained  consists  of  zirconium 
hydroxide,  which  readily  parts  with  its  water  on  heating. 
When  heated  at  140 — 200°  it  has  the  composition  Zr02,H20, 
and  is  known  as  zirconic  acid.  A  hydrated  oxide  containing 
less  water  than  this  is  obtained  by  repeatedly  boiling  zirconium 
oxychloride  with  water  and  drying  the  precipitate  at  100°; 
this  has  been  called  metazirconic  acid.^  According  to  van 
Bemmelen,^  however,  these  substances  are  probably  not  true 
hydroxides,  but  colloidal  zirconia,  containing  water  in  the  form 
of  a  hydrogel.  The  hydroxide  is  slightly  soluble  in  water,  and 
colours  yellow  turmeric  paper  brown.  When  precipitated  and 
washed  in  the  cold,  it  is  easily  soluble  in  dilute  acids ;  if,  how- 
ever, it  be  precipitated  from  a  hot  solution,  or  washed  with 
boiling  water,  it  is  soluble  only  in  concentrated  acids.  When 
heated  to  incipient  redness  it  is  converted  into  zirconia  with 
evolution  of  heat.  The  oxide  thus  obtained  has  the  specific 
gravity*  5'489,  and  is  only  slightly  soluble  even  in  hydro- 
fluoric acid,  but  dissolves  on  heating  in  a  mixture  of  two  parts 
of  sulphuric  acid  and  one  part  of  water. 

Zirconia  can  be  obtained  in  the  crystalline  state  in  the  form 
of  tetragonal  prisms  isomorphous  with  cassiterite  and  rutile 
and  having  a  specific  gravity  of  5'7l.^  For  this  purpose  the 
amorphous  oxide  is  fused  with  borax  in  a  porcelain  furnace,  the 
fused  residue  being  boiled  out  with  sulphuric  acid. 

Zirconia  is  employed  in  the  preparation  of  rods  for  the  Nernst 
electric  lamp. 

The  linear  coefficient  of  expansion  is  a  =  0'00000084,  very 
nearly  the  same  as  fused  quartz.  Crucibles,  etc.,  can  be  made 
by  mixing  zirconia  with  10  per  cent,  of  magnesia.  Platinum 
can  be  liquefied  in  such  crucibles  with  the  oxyhydrogen 
flame.  Quartz  can  also  be  melted  without  destroying  the 
crucible." 

Zirconia,  like  the  dioxides  of  the  other  metals  of  this  group, 

'  Franz,  Ber.,  1870,  3,  58. 

2  Ruer,  Zrit.  anorg.  Chem.,  1905,  43,  282. 

3  Zeit.  anorg.  Ghem.,  1906,  49,  125. 

''  Venable  and  Belden,  /.  Amer.  Chem.  Soc,  1898,  20,  273. 

*  Nordensliiold,  Pogg.  Ann.,  1861,  114,  612. 

'^  Weiss  and  Lehmann,  Zeit.  anorg.  Chem.,  1909,  65,  178. 
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acts  as  an  acid-forming  oxide,  and  yields  salts  corresponding  to 
the  metasilicates  and  metatitanates. 

Sodium  Zirconate,  Na^ZrOg,  obtained  by  fusing  the  oxide 
with  sodium  carbonate,  forms  a  crystalline  mass  which  is  de- 
composed by  water  with  separation  of  zirconia.  When  heated 
with  an  excess  of  sodium  carbonate  to  whiteness  the  salt 
Na^ZrO^  is  produced.  This  is  again  decomposed  by  water 
with  formation  of  hexagonal  tablets  having  the  composition 
Na2Zr80iy,12H20  =  Na20,8Zr02,12H20. 

The  zirconates  of  calcium  and  magnesium  are  crystalline  and 
insoluble  in  water. 

Zirconium  Peroxide,  Zr^Oj.QHgO,  is  obtained  as  a  white 
powder  when  hydrogen  peroxide  is  added  to  a  solution  of  zir- 
conium sulphate.  Under  certain  conditions  a  hydrated  oxide 
ZrOg.SHjO  is  formed,^  and  this  when  treated  with  excess  of 
hydrogen  peroxide  and  an  alkali  hydroxide  is  stated  to  form 
the  alkali  salts  of  perzirconic  acid^  H^Zr^Ojj. 

Zirconium  and  Hydrogen. — ^When  zirconia  is  heated  with 
magnesium  powder  in  a  current  of  hydrogen  the  latter 
is  absorbed,  the  product  containing  probably  zirconium  hydride, 
ZrHj,  together  with  zirconia  and  perhaps  a  lower  oxide.^  The 
hydride  is  also  formed  when  hydrogen  acts  on  the  metal  at  a  red 
heat.* 

Zirconium  Fluoride,  ZrF^,  is  obtained  by  heating  zirconia 
with  acid  ammonium  fluoride.  The  residual  mass  is  easily 
soluble  in  water  containing  hydrofluoric  acid,  and  crystallises  in 
glistening  triclinic  tablets  having  the  composition  ZrF^jSHgO. 

Zirconium  fluoride  forms  a  series  of  double  salts  with  other 
fluorides,  which  are  isomorphous  with  the  corresponding  silico- 
fluorides,  titanifluorides,  and  stannifluorides. 

Potassium  Zirconofluoride,  KgZrFg,  is  obtained  by  igniting 
zircon  with  acid  potassium  fluoride  or  by  pouring  a  solution  of 
potassium  fluoride  into  an  excess  of  zirconium  fluoride  solution. 
It  crystallises  from  hot  water  in  small  acute  rhombic  prisms, 
and  dissolves  at  2°  in  128,  at  15°  in  71,  and  at  100°  in  4  parts 
of  water. 

When  zirconium  hydroxide  is  dissolved  in  the  smallest 
quantity  of  hydrofluoric  acid,  and  the  liquid  is  poured  into  a 

1  Bailey,  Journ.  Chem.  Soc,  1886,  49,  481. 

"■  Pissarjewsky,  /.  Btisn.  Phys.  Ghem.  Soc,  1900,  32,  609. 

'  Winkler,  Ber.,  1891,  24,  888. 

*  Weiss  and  Neumann,  Zeit.  anorg.  Chem.,  1910,  66;  248. 
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concentrated  solution  of  neutral  potassium  fluoride,  the  salt 
KjZrFg.KF  is  precipitated,  and  crystallises  from  boiling  water 
in  fine  needles. 

If  sodium  fluoride  and  zirconium  fluoride  are  mixed  in  any 
proportion,  the  salt  Na^ZrFg,4NaF  is  produced.  It  forms 
small  monoclinic  crystals  which  dissolve  in  258  parts  of  water 
at  18'',  and  at  100°  in  about  60  parts  of  water. 

Ammonium  salts,  corresponding  to  the  salts  of  potassium,  and 
other  double  fluorides,^  are  known,  which  crystallise  well  and 
are  usually  soluble. 

Zirconium  Chloride,  ZrCl^,  is  obtained  by  passing  chlorine  gas 
over  a  heated  mixture  of  zirconia  and  charcoal,  or  by  the  action 
of  chlorine  or  hydrogen  chloride  on  the  heated  metal,  when  it 
is  obtained  as  a  white,  crystalline  sublimate.  It  may  be  re- 
crystallised  from  hydrochloric  acid,  but  it  is  doubtful  whether  it 
has  ever  been  obtained  in  this  way  free  from  the  oxychloride. 
Zirconium  chloride  forms  with  ammonia  the  compounds  ^ 
ZrCl^,8NH3  and  ZrClj.SNH,.  On  addition  of  water  to  the 
chloride  heat  is  evolved,  and  zirconium  oxychloride,  ZrOClg,  is 
formed,  which  remains  dissolved  in  the  acid  solution.  The  same 
compound  is  obtained  by  dissolving  2irconium  hydroxide  in 
dilute  hydrochloric  acid,  and  on  evaporation  crystallises  out  in 
prismatic  needles  belonging  to  the  tetragonal  system,  and  having 
the  composition  ZrOCl2,8H20.^  These  are  readily  soluble  in 
water,  have  an  astringent  taste,  and  when  heated  to  50°  lose 
water,  forming  more  basic  oxychlorides,  whilst  by  treatment 
with  concentrated  hydrochloric  acid  crystals  of  ZrOCl2,6H20 
and  ZrOCU.SHjO  have  been  obtained.* 

Zirconium  Bromide,  ZrBr^,  is  prepared  in  a  similar  way  to  the 
chloride,  and  forms  a  white  crystalline  powder  which  is  easily 
volatilised  ■  at  the  temperature  of  the  gas  flame.  In  contact 
with  moist  air  or  water  it  forms  zirconium  oxybromide,  ZrOBrj, 
which  crystallises  in  needles,  and  may  also  be  prepared  by 
evaporating  a  solution  of  the  hydroxide  in  hydrobromic 
acid,    when    ZrOBr2,8H„0     separates    out.'^     With    ammonia," 

1  See  also  Wells  and  Foote,  Zeit.  anorg.  Ohcm.,  1895, 16,  434  ;  Amer.  J.  Sci, 
1897,  3,  461. 

2  Stabler  and  Denk,  Ber.,  1905,  38,  2611  ;  compare  Matthews,  /.  Amer. 
Ohem.  Soc,  1898,  20,  815.  s  Weibull,  Ber.,  1887,  20,  1394. 

"  Venable  and  Baskerville,  J.  Amer.  Ohem.  Soc,  1898,  20,  321. 
"  Rosenheim  and  Frank,  Ber. ,  1907,  40,  803. 

«  Matthews,  J.  Amer.  Ghem.  Soc.,  1898,  20,  839  ;  Stabler  and  Denk,  Ber., 
1905,  38,  2611. 
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zirconium    bromide    gives    the    compounds    ZrBr^,4NH3   and 
ZrBr^lONHg. 

Zirconium  L  dide,  Zrl^,  is  obtained  by  passing  hydrogen  iodide 
over  zirconium  or  the  carbide  at  a  bright  red  heat.  According 
to  Dennis  and  Spencer/  it  is  a  white,  crystalline  body  which  is 
insoluble  in  water  and  acids;  Stabler  and  Denk,'^  however, 
state  that  it  dissolves  in  water  and  acids,  the  aqueous  solution 
depositing  crystals  of  the  oxyiodide,  ZrOIgjSHgO,  when  evapo- 
rated. 

Zirconitom  Sulphide. — When  metallic  zirconium  and  sulphur 
are  heated  together  in  a  current  of  hydrogen  they  combine  with 
evolution  of  heat  to  form  a  cinnamon-brown  powder,  which 
assumes  a  metallic  lustre  under  the  burnisher.  This  is  not  at- 
tacked by  most  of  the  dilute  acids,  but  dissolves  slowly  in  aqua 
regia  and  readily  in  hydrofluoric  acid.  When  fused  with  potash, 
zirconia  and  potassium  sulphide  are  formed. 

Zirconium  Sulphate,  Zr(S0^)2,  is  obtained  by  dissolving  the 
oxide  or  hydroxide  in  sulphuric  acid,  evaporating,  and  heating 
nearly  to  redness.  It  is  a  white  mass  which  dissolves  slowly 
but  completely  in  cold,  and  quickly  in  hot  water.  Hydrated 
crystals  are  obtained  by  concentrating  a  solution  which  contains 
free  acid,  and  these  swell  up  on  heating,  like  alum.  The  salt 
decomposes  at  a  red  heat,  leaving  a  residue  of  pure  zirconia. 
The  behaviour  of  zirconium  sulphate  in  solution  ^  is  best 
represented  by  the  formula  (ZrO)SO^,H2SO^,  whilst  the  crys- 
talline hydrated  salt  is  (ZrO)S04,H2SO^,3H20  and  not 
Zr(SO^)2,4H20,  as  was  formerly  thought.  If  its  solution  be 
saturated  with  zirconium  hydroxide  a  basic  salt,  Zr(S04)2,Zr02 
or  (ZrO)SO^,  is  formed,  and  this  is  obtained  on  evaporation  as 
a  hydrated  mass.  If  the  normal  salt  be  precipitated  with 
alcohol  an  insoluble  salt,  Zr(S04)2,2Zr02,  is  thrown  down. 

Zirconitom  and  Nitrogen. — The  nitride  Zr2N3  is  obtained  by 
heating  zirconium  chloride  to  redness  in  a  current  of  dry 
ammonia,*  and  also  by  heating  zirconia  and  magnesium  in  a 
loosely-covered  crucible.^  It  is  a  brownish-green,  crystalline 
powder  which  oxidises  with  incandescence  when  gently  heated 
in  air  (Wedekind).      A  nitride  of  the  formula  Zr^Ng  is  formed 

1  /.  Amer.  Ohem.  Soc,  1896,  18,  673. 

2  Ber.,  1904,  37,  1137. 

"  Ruer,  Zeit.  aiiorg.  Chem.,  1904,  42,  187;  Ruer  and  Levin,  ihid.,  1905, 
46,  449  ;  Rosenheim  and  Frank,  Ber.,  1907,  40,  803. 
*  Matthews,  /.  Amer.  Chem.  Soc.,  1898,  20,  840. 
5  Wedekind,  Zeit.  anorg.  Chem.,  1905,  45,  385. 
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when  the  compound  ZrCl4,8NH3  is  heated  to  redness  in  nitrogen 
(Matthews). 

Zirconium  Nitrate,  Zr(N03)4,  is  obtained  as  a  yellow  gummy 
mass  by  dissolving  the  hydroxide  in  nitric  acid  and  evaporating 
at  a  moderate  heat.  If  the  solution  be  evaporated  in  vacuo 
over  caustic  soda  and  phosphorus  pentoxide,  extremely  hygro- 
scopic crystals  of  Zr(N03)4,5H20  separate  out.^ 

Zirconium,  Boride,  TiV^^i,  has  been  prepared  by  heating  in  the 
electric  furnace  a  mixture  of  zirconium  and  boron ;  ^  it  forms  a 
steel-grey  mass,  consisting  of  microscopic  crystals,  and  has  the 
specific  gravity  3'7, 

Zirconium  Carbides. — Zirconium  combines  with  carbon  to 
form  two  carbides  having  the  composition  ZrCg  and  ZrC. 
The  dicarhide  is  obtained  by  heating  zirconia  with  an  excess  of 
carbon  in  the  the  electric  furnace  and  has  a  metallic  appearance 
and  brilliant  fracture,  and  is  not  decomposed  by  water  even  on 
heating.  The  monocarbide  is  prepared  in  a  similar  manner,  but 
the  mixture  of  zirconia  and  carbon  is  placed  in  a  carbon  tube 
closed  at  one  end,  which  is  then  heated  in  the  electric  furnace. 
It  has  a  grey  colour  and  metallic  lustre,  and  is  hard  enough  to 
scratch  quartz.  It  is  permanent  in  the  air  and  is  not  decom- 
posed by  water,  but  burns  brilliantly  when  heated  strongly  in 
oxygen.^ 

Zirconium  Silicide,  ZrSig. — This  compound  is  obtained  by 
heating  a  mixture  of  potassium  zirconoHuoride,  aluminium, 
sulphur,  and  sand,  the  whole  being  covered 
with  a  layer  of  magnesium  powder.*  It 
forms  small  steel-grey  crystals  having  the 
specific  gravity  4-88  at  22°. 

Silicates  of  Zirconium. — Of  these,  zircon 
or  hyacinth,  ZrSiO^,  is  the  most  important. 
It  occurs  in  crystalline  rocks,  especially 
in  granular  limestone,  schist,  gneiss, 
syenite,  and  granite.  The  chief  localities 
are  in  alluvial  sands  in  Ceylon,  the  Urals, 
Fig.  177.  in  the  Isle  of  Harris,  in  Greenland,  in  the 

gold  districts  of  Australia,  and  in  many 
places  in  North  America.  Zircon  crystallises  in  tetragonal 
prisms    and    pyramids    (Fig.    177),    having     an    adamantine 

Rosenheim  and  Frank,  Ber.,  1907,  40,  803. 
Tucker  and  Moody,  Joum.  Ghent.  Soc,  1902,  81,  14. 
'  Moissan,  Compt.  rend.,  1893,  116,  1222  ;  1896,  122,  6.51. 
Hdnigschmid,  Compt.  rend.,  1906,  143,  224. 
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lustre ;  they  are  colourless  in  the  pure  state.  Usually,  how- 
ever, zircon  is  coloured  red  or  yellow  by  ferric  oxide.  The 
colourless  and  smoke-coloured  varieties  are  termed  jargon. 
This  variety  exhibits  a  peculiar  absorption  spectrum,  from  which 
Sorby  concluded  that  it  contained  a  new  element ;  to  this  he 
gave  the  name  of  jargonium,  but  subsequently  he  found  that 
these  lines  were  caused  by  the  presence  of  uranium  oxide.  An 
artificial  jargon  yielded  a  similar  spectrum,  though  neither 
uranium  nor  zirconium  compounds  do  so.^ 


Detection  and  Estimation  of  Zirconium. 

384  The  reactions  of  the  zirconium  salts  are  very  similar  to 
those  of  the  metals  contained  in  cerite  and  gadolinite.  A  re- 
action of  zirconium  by  which  it  is  distinguished  from  the  cerium 
metals  is  the  formation  of  a  basic  potassium  zirconium  sulphate, 
insoluble  in  water  and  hydrochloric  acid.  This  salt  is  obtained 
by  adding  a  hot  solution  of  potassium  sulphate  to  a  concentrated 
solution  of  a  zirconium  salt.  This  reaction  also  serves  to 
separate  zirconium  from  titanium,  tantalum,  and  columbium. 
Another  method  of  separating  zirconium  from  the  metals  of  the 
cerium  and  iron  groups  is  to  boil  the  solution  with  sodium 
thiosulphate,  when  zirconium  alone  is  precipitated  as  the  thiosul- 
phate ;  this  on  washing  and  heating  leaves  a  residue  of  zirconia. 

Titanic  acid  and  thoria  are  also  precipitated  together  with 
the  zirconia  by  sodium  thiosulphate.  In  order  to  separate  these 
ammonium  oxalate  is  added  to  the  hydrochloric  acid  solution, 
when  the  thoria  is  thrown  down.  Ammonium  carbonate  is  now 
added  to  the  filtered  liquid,  when,  in  the  presence  of  the  oxalate, 
only  titanic  acid  is  precipitated,  the  zirconia  remaining  in  solu- 
tion (Hermann).  Zirconium  can  readily  be  separated  from  iron, 
titanium,  &c.,  by  means  of  hydrogen  peroxide  ;  this  precipitates 
it  quantitatively  from  solutions  of  the  sulphate  as  the  hydrated 
peroxide  (Bailey). 

The  spectrum  of  zirconium  has  been  mapped  by  Thal6n,  and 
contains  characteristic  lines  in  the  red  and  blue. 

Atomic  Weight  of  Zirconium. — The  first  accurate  determina- 
tion of  the  atomic  weight  of  zirconium  is  that  ofMarignac,^  who 
from   the   analysis   of  potassium  zirconofluoride  obtained  the 

1  Ghem.  New.i,  1870,  21,  73. 

2  Ann.  Chim.  Phys.,  1860,  [3],  60,  257. 
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number  9003.  Bailey/  from  the  weight  of  zirconia  yielded  by  a 
known  quantity  of  pure  zirconium  sulphate,  found  the  number 
90'65,  whilst  Venable,^  who  estimated  the  zirconia  obtained  by 
heating  the  oxychloride,  ZrOClj.SHjO,  found  the  number  90'78. 
The  atomic  weight  now  (1913)  adopted  is  90-6. 


THORIUM.    Th.  =  232-4. 

385  In  the  year  1815  Berzelius  believed  that  he  had  found  in 
several  Swedish  minerals  a  new  earth  to  which  he  gave  the 
name  of  thoria,  but  on  further  examination  the  substance  turned 
out  to  be  basic  phosphate  of  yttrium.  On  the  other  hand,  in 
1828,^  he  discovered  a  distinct  earth  in  a  mineral  from  the  island 
of  Lovon,  in  Norway,  now  termed  thorite,  and  to  this  the  name 
of  thoria  was  given,  as  it  agreed  in  many  of  its  properties  with 
the  substance  previously  so  named.  Besides  being  found  in 
thorite,  this  substance  was  discovered  in  other  rare  minerals ; 
thus  by  Wohler  in  pyrochlor,  by  Bergman  and  others  in  orangite, 
and  by  Karsten  in  monazite,  a  phosphate  of  <!erium  and 
lanthanum  which  contains  4-18  per  cent,  of  thoria.  Another 
source  of  thoria  is  the  mineral  euxinite  from  Arendal,  in  which 
this  earth  was  discovered  by  Mosander  and  Chydenius,  and 
it  has  also  been  found  in  Norwegian  granite.*  More  recently 
it  has  been  discovered  in  a  mineral  called  thorianite  occurring 
in  Ceylon,  which  contains  70-80  per  cent,  of  thoria,  along  with 
11-15  per  cent.  (UOj  +  UOj),  2-3  per  cent,  of  lead,  and 
varying  amounts  of  metals  of  the  cerium  and  ytterbium  group 
and  SiOj  and  CaO.^  This  mineral  also  contains  helium,  and 
when  heated  to  redness  evolves  9  c.c.  of  this  gas  per  1 
gram." 

The  following  table  gives  the  composition  of  some  of  these 
minerals.^ 


'  Proc.  Roy.  Soc,  1890,  46,  74. 

2  /.  Anier.  Chem.  Soc,  1898,  20,  119. 

^  Pogg.  Ann.,  1829,  16,  385. 

0  Phipson,  Ghem.  News,  1896,  73,  145. 

=  Dunstan,  Nature,  1904,  69,  510  ;  Dunstan  and  Blake,  Proc.  Roy.  Soc, 
1905,  76A,  253. 

"  Ramsay,  /.  Ohim.  phys.,  1905,  3,  617. 

'  See  Schilling,  Zeit.  angew.  Chem.,  1902,  15,  921,  where  a  r^sum^  of  the 
analyses  of  orangite  and  thorite  is  given. 
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Thorite  from 

Monazite  from 

Lovor 

1. 

Thorianite. 

Ilmengebirge. 

SiOg 

19-31 

ThO, 

78-86 

P2O5      28-50 

ThO^ 

58-91 

UO, 

6-03 

ThOg    17-95 

UO3 

1-64 

UO3 

9-07 

SnO^       2-10 

Fe,03 

3-46 

CeO^i 

CePs    26-00 

MnA 

2-43 

La^Og 

1-02 

LaPg    23-40 

CuO 

2-62 

DiAJ 

MnO        1-86 

MgO 

0-36 

PbO 

2-59 

CaO         1-68 

K2O 

0-15 

Fe,03 

0-46 

Na,0 

Oil 

CaO 

1-13 

101-49 

PbO 

0-82 

He 

0-39 

SnO^ 

001 

P2O5 

trace 

AiPs 

0-06 

Insol.  i 

°}  0-20 

H2O 

9-66 

HNO3 

99-54  99-75 

Thorium  occurs  also  in  other  minerals  containing  the  metals 
of  the  cerium  group,  as  gadolinite  and  orthite.  In  one  of  these 
minerals  Bahr  believed  he  had  found  another  new  metal  to 
which  he  gave  the  name  wasium,  but  he  afterwards  convinced 
himself  that  this  substance  is  identical  with  thorium.^ 

Doubts  have  been  put  forward  as  to  the  individuality  of 
thorium,  and  Baskerville,^  from  experiments  on  the  fractional 
distillation  of  the  chloride  in  a  current  of  chlorine,  concludes 
that  it  contains  two  other  elements  to  which  he  gives  the 
names  berzelium  and  carolinium.  The  work  of  other  investi- 
gators, however,  does  not  confirm  this  result,  but  points  to  the 
uniform  nature  of  thorium.^ 

At  the  present  time  thorium  compounds  are  prepared  on  the 
manufacturing  scale,  as  they  form  the  chief  constituent  of  the 
mantles  employed  for  the  Welsbach  incandescent  gas-burner; 
they  are  put  on  the  market  chiefly  in  the  form  of  crude  thorium 
nitrate  which  contains  also  the  nitrates  of  zirconium  and  the 
cerite  earths.  Thorite  is  the  most  convenient  raw  material, 
but  is  not  found  in  sufficient  quantity,  and  the  crude  material 
mostly  employed  is  the  Brazilian  or  American  monazite  sand, 
which  has  been  formed  by  disintegration  of  the  rock  containing 
the  mineral  monazite. 

1  Anncden,  1864,  132,  227. 

'  Baskerville,  /.  Amer.  Chem.  Soc,  1901,   23,761;  1904,  26,   922:  Ber., 
1905,  38,  1444;  see  also  Brauner,  Proc.  Chem.  Soc,  1901,  17,  67. 
^  Meyer  and  Gumprey,  Ber.,  1905,  38,  817  ;  Eberhard,  ibid.,  826. 
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Although  the  process  adopted  for  the  preparation  on  a  large 
scale  of  thorium  nitrate  for  the  incandescent  mantle  industry  is 
kept  secret,  the  following  is  a  general  outline.  The  powdered 
monazite  sand  either  from  Brazil  or  Carolina  is  moderately 
heated  with  concentrated  sulphuric  acid  in  cast-iron  pans. 
When  the  reaction  is  finished  the  partially  solidified  product  is 
dissolved  in  cold  water.  It  is  important  that  at  this  stage  the 
solution  be  kept  strongly  acid,  otherwise  the  phosphates  of  the 
metals  will  be  deposited.  The  undissolved  residue  of  quartz, 
ferrotitanium,  zircon,  magnetic  oxide  of  iron,  etc.,  is  separated  by 
decantation. 

The  solution  is  now  fractionally  neutralised  with  magnesia. 
Owing  to  thorium  phosphate  being  the  least  soluble  of  the 
phosphates,  the  first  fraction  consists  mainly  of  this. 

The  crude  phosphate  is  dissolved  in  concentrated  hydrochloric 
acid,  oxalic  acid  added,  when  the  thorium  is  precipitated  as 
oxalate,  together  with  small  quantities  of  cerium  and  ytterbium 
metals.  The  well  washed  precipitate  is  then  treated  with  warm 
sodium  carbonate  solution.  The  thorium  goes  into  solution 
with  traces  of  ytterbium  metals,  but  the  cerium  remains 
undissolved  as  the  double  carbonate.  By  treatment  with 
alkali  hydroxide  the  hydroxide  is  precipitated,  or  the  oxalate  is 
reprecipitated  by  means  of  hydrochloric  acid.  In  order  to 
remove  traces  of  impurities  the  oxalate  or  hydroxide  is  converted 
into  sulphate  with  sulphuric  acid  and  the  sulphate  purified  by 
being  several  times  recrystallised,  the  salt  Th(SOJ.2,8H20 
crystallising  out.  In  order  to  prepare  the  nitrate  this  salt  is 
boiled  with  ammonia,  by  which  means  the  hydroxide  is  produced. 
This  is  well  washed,  and  dissolved  in  nitric  acid.  The  solution 
is  evaporated  to  dryness,  and  heated  on  the  water-bath  until  on 
ignition  it  is  found  to  contain  48  to  49  per  cent,  of  ThOa, 
representing  the  nitrate  with  practically  41120.^ 

Metallic  Thorium  is  obtained  by  heating  potassium  thorium 
chloride  with  sodium  in  an  iron  cylinder.  Thus  prepared  it 
forms  microscopic  hexagonal  tablets,  having  the  colour  of  nickel, 
and  giving  a  silver-white  streak.  It  has  also  been  prepared 
by  the  action  of  sodium  vapour  on  the  vapour  of  certain  volatile 
organic  compounds  of  thorium  such  as  the  acetylacetonate.^    It 

1  Boehra,  Chemische  Industrie,  1906,  29,  No.  17-19 ;  Dieseldorff,  Gheminche 
Indudrie,  1906,  29,  411. 

2  Siemens  and  Halske,  German  Patent,    133959,    1900;  see  also  Moissan 
and  Honigsohmid,  Ann.  Ohim.  Phys.,  1906,  [8],  8,  182. 
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has  a  specific  gravity  of  11-0  (Nilson),  and  11-32,  but  after 
heating  and  rolling  1216  (v.  Bolton),  and  takes  fire  when  heated 
in  the  air,  burning  with  a  bright  flame;  it  dissolves  with 
difficulty  in  hydrochloric  acid,  and  is  not  attacked  by  aqueous 
alkalis,  but  is  readily  soluble  in  aqua  regia  ^ ;  with  nitric  acid  it 
first  dissolves  rapidly,  but  soon  becomes  passive.  Thorium 
possesses  the  property  of  radio-activity,  and  this  will  be 
discussed  in  the  chapter  on  this  subject. 


COMPOUNDS    OF    THORIUM. 

386  Thorium  Dioxide  or  Thoria,  ThO.^,  is  obtained  from  thorite 
or  orangite  b}'  heating  the  powdered  mineral  with  a  slight 
excess  of  sulphuric  acid  and  a  little  water ;  the  dried  mass  is 
powdered,  heated  to  remove  excess  of  sulphuric  acid,  and  the 
residue  oarefully  dissolved  in  six  to  seven  parts  of  ice-cold  water. 
The  solution  is  filtered  from  silica,  and  heated  to  the  boiling 
point  with  ammonia.  The  precipitated  hydroxides  are  washed  by 
decantation,  dissolved  in  hydrochloric  acid  and  precipitated  with 
oxalic  acid,  the  precipitate  well  washed  by  decantation,  and 
ignited.  The  thoria  thus  obtained  still  contains  ceria,  yttria 
and  a  little  manganese.  To  obtain  pure  thoria  the  product  is 
again  dissolved  in  sulphuric  acid,  the  excess  of  sulphuric  acid 
removed  by  careful  heating,  the  powdered  salt  dissolved  in  ice- 
cold  water,  and  the  temperature  of  the  solution  allowed  to  rise 
gradually  to  20".  A  hydrated  sulphate  of  thorium  then  separ- 
ates out  as  an  insoluble  precipitate,  the  other  metals  remaining 
in  solution,  and  by  repeating  the  process  several  times  the 
thorium  sulphate  may  be  obtained  perfectly  pure.  It  is  then 
precipitated  by  ammonia  and  the  hydroxide  thus  obtained 
ignited.^ 

Pure  thoria  is  a  snow-white  powder,  which  may  be  obtained 
in  tetragonal  crystals,  isomorphous  with  those  of  cassiterite 
and  rutile,  by  heating  the  amorphous  powder  with  borax  in 
a  porcelain  furnace.  They  possess  a  specific  gravity  of  10-2, 
and  dissolve  in  sulphuric  acid  only  on  long-continued  boiling. 
As  already  mentioned,  thoria  forms  the  chief  constituent  of 
the  Welsbach  incandescent  mantles,  the  other  and  smaller  con- 

1  Nilson,  Ber.,  1882,  15,  2519,  2537  ;  1883,  16,  153. 

2  Kriiss  and  Nilson,  Ber.,  1887,  20,  1665. 

VOL.  II.  3  " 


834  THORIUM 


stituents   consisting   of    more   basic    oxides,   that    of    cerium 
being  usually  employed  (see  p.  791). 

Meta-thorium  Oxide  is  obtained  by  igniting  the  oxalate,  and 
its  peculiar  deportment  with  volatile  acids  explains  the  fact 
that  Bahr  believed  this  to  be  the  oxide  of  a  new  metal.  It 
was  considered  to  be  ThgOg,  but  has  been  found  to  have  the 
empirical  formula  ThOg,  and,  according  to  Wyrouboff  and 
Verneuil,^  is  a  polymerised  form  of  thorium  dioxide.  If  it  be 
treated  with  hydrochloric  acid  or  nitric  acid  no  apparent  action 
takes  place,  but  if  the  excess  of  acid  be  evaporated  on  the 
water-bath,  a  brownish  semi-transparent  residue  is  left,  and  this 
dissolves  in  water  to  form  a  translucent  opalescent  liquid  which 
appears  milk-white  in  reflected  light,  and  yields  a  precipitate 
with  acids.  This  is  due  to  the  fact  that  the  oxide  forms  salts 
with  these  acids  without  loss  of  water,  and  these  are  soluble  in 
water  but  not  in  the  acids,  and  are  therefore  precipitated  again 
by  addition  of  the  acids  to  the  solution.  If  the  solution  be 
treated  with  ammonia  and  the  precipitate  dried  at  100°,  a 
compound  having  the  composition  Th^07(0H)  is  obtained  and 
this  is  insoluble  in  acids.^ 

Thorium  Peroxide,  Th^O,.. — -This  unstable  compound  is 
produced  when  hydrogen  peroxide  is  added  to  the  sulphate  or 
acetate,  and  then  excess  of  ammonia  added.^  It  forms  a 
gelatinous  precipitate  which  on  keeping  slowly  gives  up 
oxygen,  being  converted  into  ThOg."* 

Thorium  Hydride,  ThH^,  is  obtained  by  heating  thorium  to  a 
dull  red  heat  in  hydrogen.^  It  is  not  acted  upon  by  water,  but 
dissolves  in  hydrochloric  acid  with  evolution  of  hydrogen. 

387  Salts  of  Thormm-.— The  salts  of  thorium  are  colourless, 
and  those  which  are  soluble  possess  a  strongl}'  astringent 
taste. 

Thorium  Fhcoride,  ThF^,  is  obtained  by  the  addition  of 
hydrofluoric  acid  or  a  fluoride  to  a  solution  of  a  thorium  salt  as 
a  gelatinous  precipitate  which  passes  into  a  heavy  white  powder, 
ThF^,4H20.  The  same  powder  is  produced  by  the  action 
of  hydrofluoric  acid  on  thoria.     The  anhydrous  free  product  is 

1  Gompt.  rend.,  1898,127,  863;  Zeit.  anorg.  Chem.,  1901,  28,  90;  Ann. 
Chim.  Phys.,  1905,  [8],  6,  441  ;  .«ee  also  Stevens,  Zeit.  anorg.  Chem.,  1901, 
27,  41. 

2  Cleve,  Bull.  Soc.  chim.,  1874,  21,  115. 

"  Wyrouboff  and  Verneuil,  Ann.  Chim.  Phys.,  1906,  [8],  6,  441. 

*  Pisaarjewski,  Zeit.  angew.  Chem.,  1902,  31,  359. 

^  Matignon  and  Delepine,  Compt.  rend.,  1901,  132,  36. 
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obtained  by  leading  hydrogen  fluoride  over  anhydrous  thorium 
chloride  or  bromide  heated  to  350-400°.^ 

Potassium  Tkorofluoride,  K2ThFg,4H20,  is  obtained  by  boiling 
the  hydroxide  with  potassium  fluoride  and  hydrofluoric  acid,  in 
the  form  of  a  heavy  black  powder.  When  a  solution  of  the 
chloride  is  precipitated  with  acid  potassium  fluoride  the  com- 
pound K2ThFji,4ThF4,H20  is  thrown  down.  Other  double 
fluorides  with  potassium  fluoride  are  known,  but  as  they  are  all 
insoluble  in  water  and  hydrofluoric  acid,  it  is  impossible  to  tell 
whether  they  are  definite  compounds  or  mixtures  of  the  two 
salts.^ 

Thorium  Chloride,  ThCl^. — This  is  obtained  by  heating  the 
oxide  mixed  with  carbon  in  a  current  of  chlorine.  It  has  the 
specific  gravity  4'59,  melts  at  820°  (Moissan  and  Martinseli),^ 
and  sublimes  in  white  shining  tablets,  its  vapour  density  being 
1242,  corresponding  to  the  above  formula.  It  deliquesces  on 
exposure  to  the  air,  and  its  solution  may  be  obtained  by  dissolving 
the  hydroxide  in  hydrochloric  acid.  The  strongly  concentrated 
solution  solidifies  to  a  fibrous  crystalline  mass  which  on  heating 
emits  hydrogen  chloride.  It  forms  hydrates  with  7,  8,  and  9 
molecules  of  water,  whilst  a  number  of  oxy-  and  hydroxy- 
chlorides  have  been  described.*  It  forms  with  the  chlorides  of 
the  alkali  metals  easily  soluble  double  salts,  as  KCl,2ThCl4,18H20. 

Thorium  forms  a  bromide  and  an  iodide  which  are  similar  in 
their  behaviour  to  the  chloride. 

Tho^'iwm  Sidphide,  ThS2. — The  metal  burns  in  sulphur  vapour 
with  great  brilliancy,  forming  a  yellow  powder  which  exhibits  a 
metallic  lustre  under  the  burnisher,  and  has  probably  the  above 
composition  (Berzelius).  It  has  been  prepared  pure  by  passing 
dried  hydrogen  sulphide  over  thorium  sulphate  at  a  low  red 
heat.  It  is  a  yellow  powder  which  inflames  spontaneously  in 
the  air.^  When  carbon  disulphide  vapour  is  passed  over 
thorium  dioxide  heated  to  redness  it  yields  the  oxysulphide, 
ThOS,  as  a  light  brown  substance.^ 

1  Chauvenet,  Compt.  rend.,  1908,  146,  489. 

^  Rosenheim,  Sainter  and  Davidsohn,  Zdt.  anorg.  Chem.,  1903,  35,  424. 

2  Compl.  rend. ,  1905,  140,  1510. 

*  Rosenheim  and  Schilling,  Ber.,  1900,  33,  977;  Rosenheim,  Samter 
and  Davidsohn,  Zek.  anorg.  Ghem.,  1903,  35,  424  ;  Kriiss,  ibid.,  1897, 
14,  361. 

"  Hauser,  Zeii.  anorg.  Chem.,  1907,  53,  74.  Compare  also  Duboni,  Compt. 
rend.,  1908,  146,  815. 

«  Kruss,  Zeit.  anorg.  Chem.,  1894,  6,  49. 
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Thorium  Sulphate,  Th(S04)2,  is  obtained  by  dissolving  the  oxide 
in  hot  concentrated  sulphuric  acid,  or  by  rubbing  up  powdered 
thorite  or  orangite  to  a  paste  with  sulphuric  acid,  and  heating 
the  mixture  to  500°  until  all  the  excess  of  sulphuric  acid  is 
driven  off.  The  mass  is  then  treated  with  cold  water  and 
boiled ;  a  crystalline  precipitate  remains,  and  this  may  be 
purified  by  repeated  solution  in  cold  water  and  reprecipitation 
by  boiling.  If  the  solution  be  allowed  to  evaporate  at  the 
ordinary  temperature,  transparent  monoclinic  crystals  of 
Th(S04)2,9H20  are  deposited,  whereas  above  43°  a  hydrate 
with  4H2O  is  formed.  Several  other  hydrates  have  also  been 
obtained.^  Thorium  sulphate  forms  double  salts  with  the 
sulphates  of  the  alkali  metals ;  Th(S04)2,2K2S04,2H20  crystal- 
lises in  regular  prisms,  which  are  easily  soluble  in  water  but  do 
not  dissolve  in  a  solution  of  potassium  sulphate. 

Thorium  and  Nitrogen. — A  nitride,  Th.^N^,  is  formed  ^  when 
metallic  thorium  is  heated  in  a  current  of  nitrogen,  whilst  a 
nitride  of  the  same  composition  is  obtained  by  reducing  the 
dioxide  with  magnesium  or  aluminium  in  an  atmosphere  of 
nitrogen.^  The  latter  compound,  however,  differs  from  the 
former  in  that  it  is  not  decomposed  by  water. 

Thorium  Nitrate,  Th(N03)^,12H20,  is  a  very  soluble  salt  crys- 
tallising in  large  deliquescent  tablets.  A  nitrate  has  also  been 
obtained  crystallising  with  GHgO,*  and  many  double  salts  with 
other  nitrates  are  known.^ 

The  phosphate  is  insoluble  both  in  water  and  phosphoric  acid. 

Thorium  Borides,  ThB^  and  ThBg,  have  been  prepared  by 
heating  thorium  dioxide  with  amorphous  boron  in  the  electric 
furnace.® 

Thorium  Carbide,  ThG2,  is  prepared  by  heating  thoria  with 
sugar  charcoal  in  the  electric  furnace,  and  forms  a  crystalline  mass 
which  is  only  slightly  affected  by  concentrated  acids  but  readily 
dissolves  in  dilute  acids  and  is  decomposed  by  water  with  evolu- 
tion of  a  mixture  of  methane,  ethylene,  acetylene,  and  hydrogen.'' 

'  Roozeboom,  Zeit.  physilcal.  Chem.,  1890,  5,  198. 

2  Matignon  and  DeUpine,  Oompt.  rend.,  1901,  132,  36. 

^  Kohlschutter,  Annalen,  1901,  317,  158  ;  compare  Matignon  and  Del^pine, 
Ann.  Ghim.  Phys.,  1907,  [8],  10,  130. 

■*  Fuhse,  Zeit.  angew.  Chem.,  1897,  4,  115. 

°  Meyer  and  Jaooby,  Zeit.  anorg.  Chem.,  1901,  27,  359. 

^  Binet  du  Jassonneix,  Gompt.  rend.,  1905,  141,  191. 

'  Moissan,  Compt.  rend.,  1896,  122,  573  ;  see  also  Moiasan  and  Etard,  Ann. 
Chim.  Phys.,  1897,  [7],  12,  427. 
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Thorium  Silicidr,  ThSi^,  is  obtained  by  heating  a  mixture  of 
the  double  fluoride  of  potassium  and  thorium,  potassium  silico- 
fluoi'ide,  and  powdered  aluminium  at  1200",  or  by  heating  silicon 
with  thoria  in  the  electric  furnace.'^  It  forms  tetragonal  plates 
of  specific  gravity  7'96. 


Detection  and  Estimation  of  Thorium. 

388  The  compounds  of  this  metal  give  no  characteristic 
blowpipe  or  flame  reaction.  The  alkalis  and  ammonium 
sulphide  precipitate  from  its  solutions  the  hydroxide  insoluble 
in  excess,  and  the  carbonates  give  rise  to  a  precipitate  of  a 
basic  carbonate,  which  dissolves  in  an  excess  of  the  reagent. 
Ammonia  produces  no  precipitate  in  this  solution  as  it  does  in 
the  corresponding  one  containing  zirconium.  Another  charac- 
teristic property  of  thorium  is  its  reaction  with  potassium  sul- 
phate,and  especially  the  fact  that  the  thiosulphate  is  thrown  down 
from  thorium  solutions  on  addition  of  potassium  thiosulphate, 
a  reaction  by  which  this  metal  may  be  separated  from  the  metals 
of  the  cerium  group.  In  order  to  separate  it  from  titanium, 
columbium,  and  tantalum,  ammonium  oxalate  is  added  to  the 
solution,  when  the  thorium  alone  is  precipitated ;  if,  however, 
an  excess  of  ammonium  oxalate  be  used  the  thorium  oxalate 
dissolves.  Thorium  can  be  separated  from  zirconium 
by  throwing  down  both  metals  as  oxalates  by  ammonium 
oxalate,  and  then  adding  an  excess  of  oxalic  acid  when  the 
zirconium  oxalate  dissolves  completely,  leaving  behind  the 
oxalate  of  thorium.  Thorium  is  estimated  as  the  oxide,  obtained 
by  igniting  the  precipitated  hydroxide. 

The  Atomic  Weight  of  thorium  was  determined  by  several 
chemists  without  concordant  results.  Thus  Berzelius  ^  found 
235'5,  and  Delafontaine  ^  229'7  as  the  mean  of  several  well- 
agreeing  analyses  of  the  sulphate.  Cleve,  by  the  same  method, 
obtained  the  number  232'6,  whilst  analyses  of  the  oxalate 
yielded  him  the  number  2322.  On  the  other  hand,  Kriiss 
and  Nilson,  by  analysing  the  carefully  purified  sulphate,  obtained 
as  a  mean  of  several  consistent  experiments,*  the  number  232'4, 
which  is  now  (1913)  adopted. 

I  Honigschmid,  Oompt.  rend.,  1906,  142,  280. 

"  Pogg.  Ann.,  1829,  16,  385.  ^  Arch.  Sci.  phys.  nat.,  1863,'„18,  .343. 

*  Ber.,  1887,  20,  1665.     Compare  Meyer  and  Gumpeiz,  Ber.,  1905,  38,  817. 
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THE  GERMANIUM   GROUP. 

GERMANIUM.     06  =  72-5. 

389  This  element  was  discovered  in  1886  by  Winkler  in  the 
course  of  an  investigation  of  a  new  silver  mineral  found  at 
Freiberg  in  1885,  and  termed  argyrodite,  GeS2,4Ag2S.  The 
preliminary  investigation  led  him  to  suppose  that  the  new 
element  would  occupy  the  vacant  place  between  antimony  and 
bismuth  in  the  periodic  classification/  but  further  examination 
showed  that  the  new  element  was  tetravalent,  and  identical 
with  the  ekasilicon  predicted  by  Mendeleeff.  The  close 
agreement  between  the  predicted  properties  of  the  element  and 
its  compounds,  and  those  actually  observed  by  Winkler,  has 
already  been  mentioned  (p.  68). 

Germanium  is  an  extremely  rare  element,  having  only  been 
found  in  the  above  mineral  and  also  to  the  extent  of  O'l  per 
cent,  in  euxenite.^  It  is  as  a  rule  tetravalent,  and  its  com- 
pounds for  the  most  part  closely  resemble  those  of  silicon  and 
the  other  tetravalent  elements. 

Metallic  germanium  is  best  obtained  by  the  reduction  of 
germanium  dioxide  with  carbon  at  a  full  red  heat.  The  semi- 
crystalline  regulus  is  washed  with  water  to  remove  carbon,  and 
fused  with  a  little  borax.  It  is  thus  obtained  as  a  greyish- 
white,  brittle,  lustrous  metal,  which  frequently  crystallises  in 
octahedra,  has  a  specific  gravity  of  5'469,  melts  about  960°,  and 
is  not  markedly  volatile  at  1350°.  It  oxidises  at  a  high  tempera- 
ture, is  insoluble  in  hydrochloric  acid,  but  dissolves  in  aqua 
regia,  and  is  converted  by  nitric  acid  into  the  dioxide.  It 
combines  directly  with  the  halogens. 

^  Ber.,  1886,  19,  210.  2  Kruss,  Ber.,  1888,  21,  131. 
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390  Germanium  forms  two  oxides,  germanium  dioxide,  GeOg, 
and  germanium  monoxide,  GeO. 

Germanium  Dioxide,  GeOj,  is  the  most  important  of  these 
and  is  obtained  from  argyrodite  as  follows :  the  powdered 
mineral  is  mixed  with  nitre  and  potassium  carbonate,  and  the 
mixture  is  introduced  in  small  quantities  at  a  time  into  a  red-hot 
Hessian  crucible.  On  cooling,  two  layers  are  obtained,  and  the 
upper  one,  which  contains  all  the  germanium,  is  powdered, 
extracted  with  water,  the  solution  treated  with  sulphuric  acid 
and  evaporated  to  dryness.  The  acid  residue  dissolves  in  cold 
water,  but  almost  all  the  germanium  is  deposited  as  oxide  on 
standing  ;  the  remainder  is  precipitated  as  sulphide,  and  is  con- 
verted into  oxide  by  heating  with  nitric  acid.  To  purify  the 
crude  oxide  it  is  dissolved  in  hydrofliuoric  acid,  and  potassium 
fluoride  added ;  potassium  germanofluoride  separates  out,  and 
is  converted  into  a  soluble  thio-salt  by  fusion  with  potassium 
carbonate  and  sulphur,  this  being  decomposed  by  sulphuric 
acid,  and  the  germanium  precipitated  as  sulphide  with  sul- 
phuretted hydrogen.  The  sulphide;  when  mixed  with  a  little 
sulphuric  acid  and  heated,  yields  a  mixture  of  sulphide  and 
oxide,  which  is  converted  into  the  pure  oxide  by  roasting  and 
treating  with  nitric  acid.  Thus  prepared  it  forms  a  dense 
white  powder,  which  is  somewhat  soluble  in  water,  1  part  of 
the  dioxide  dissolving  in  247'1  parts  of  water  at  20°,  and  in 
95-3  parts  at  100° ;  the  solution  on  evaporation  deposits  micro- 
scopic rhombic  crystals.  Germanium  dioxide  has  acid  properties, 
but  also  dissolves  in  acids  ;  it  is  readily  reduced  by  carbon, 
sodium  and  magnesium. 

No  germanium  hydroxide  of  definite  composition  has  been 
prepared,  but  a  colloidal  hydrate  is  obtained  by  decomposing 
an  alkaline  solution  of  the  dioxide  with  carbon  dioxide. 

Germanous  Oxide,  GeO,  is  obtained  by  heating  the  dioxide 
with  a  small  quantity  of  magnesium,  or  by  heating  the  hydroxide ; 
it  forms  a  greyish-black  powder.  The  corresponding  hydroxide 
Ge(0H)2,  is  obtained  as  a  yellow  or  yellowish-red  precipitate 
by  the  action  of  alkalis  on  germanium  dichloride  or  germanium 
chloroform,  and  is  soluble  in  excess  of  the  alkali.  Hantzsch  ^ 
has  shown  that  when  this   excess  is  neutralised  with   hydro- 

i  Zeit.  anorg.  Chem.,  1902,  30,  289, 
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chloric  acid,  some  germanous  hydroxide  remains  in  solution. 
From  the  conductivity  of  this  solution  and  also  of  the  alkaliae 
solution,  and  from  measurements  of  the  rate  at  which  the 
alkaline  solution  saponifies  ethyl  acetate,  he  concludes  that 
germanous  hydroxide  in  aqueous  solution  is  a  weak  monobasic 
acid  of  the  same  type  as  formic  acid,  and  has  the  constitution 
HGeO.OH,  whilst  in  alkaline  solution  the  salt  HGeO.ONa  is 
present.  In  aqueous  solution  part  of  the  hydroxide  is  also 
present  in  the  form  Ge(0H)2. 

Germanium  Hydride,  GeH^,  is  formed  when  the  tetra- 
chloride is  reduced  with  sodium  amalgam.  The  hydrogen 
evolved  burns  with  a  bluish-red  flame  which  deposits  a  mirror 
on  a  cold  porcelain  surface.  A  mirror  may  also  be  obtained 
from  the  tetrachloride  in  the  same  way  as  in  Marsh's  arsenic 
test,  and  on  heating  in  air  is  converted  into  the  white  dioxide, 
whilst  the  hydrogen  evolved  as  above  gives  a  black  precipitate 
with  silver  nitrate,  and  this  on  treatment  with  nitric  acid  gives 
germanium  dioxide.^ 

Germanium  Tetrajluoride,  GeF^,  has  not  been  prepared  in 
the  anhydrous  state,  but  large  crystals  containing  three  molecules 
of  water  are  obtained  by  concentrating  a  solution  of  the  dioxide 
in  hydrofluoric  acid.  It  combines  with  hydrofluoric  acid  to 
form  yermanofluoric  acid,  which  has  not  been  prepared  pure ;  its 
potassium  salt,  K^GeFg,  is  prepared  by  adding  potassium  fluoride 
to  a  solution  of  the  dioxide  in  hydrofluoric  acid,  and  forms  hexa- 
gonal crystals,  isomorphous  with  those  of  ammonium  silicofluoride, 
which  are  sparingly  soluble  in  cold,  but  readily  in  hot  water. 

Germanium  Tetrachloride,  GeCl^,  is  obtained  by  the  direct 
union  of  germanium  and  chlorine,  but  is  best  prepared  by  heating 
the  metal  or  the  sulphide  with  mercuric  chloride ;  it  is  a  thin, 
colourless  liquid,  which  fumes  in  the  air,  has  a  specific  gravity 
of  1'887  at  18°,  and  boils  at  86°.  It  is  slowly  decomposed  by 
water  with  formation  of  hydrated  germanium  dioxide. 

Germanium  Chloroform,  GeHClg. — When  germanium  is  heated 
in  a  current  of  hydrogen  chloride  it  becomes  red-hot,  and  a 
distillate  is  obtained  which,  after  exposure  to  the  air,  separates 
into  two  layers.  The  heavier  of  these  consists  of  germanium 
chloroform,  which  is  a  colourless  fuming  liquid,  boiling  at  75°. 
The  lighter  layer  is  germanium  oxychloride,  GeOClj,  which  is 
also  a  colourless  liquid,  but  is  less  mobile  than  germanium 
chloroform,  does  not  fume  in  the  air,  and  boils  considerably 
1  Voegelen,  Zeit.  anorg.  Chem.,  1902,  30,  325. 
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above  100°.  Germanium  dichloride,  GeClj,  is  also  known  ;  it  is 
a  colourless,  fuming  liquid. 

Germanium  Bisulphide,  GeS^. — This  compound,  which  is  the 
most  characteristic  of  the  germanium  derivatives,  is  prepared 
by  the  action  of  sulphuretted  hydrogen  on  a  solution  of  ger- 
manium dioxide,  or  by  the  addition  of  an  excess  of  a  mineral 
acid  to  a  solution  of  an  alkali  thiogermanate,  sulphuretted 
hydrogen  being  passed  through  the  solution  to  complete  the 
precipitation.  It  is  a  white  powdei',  which  is  only  wetted  with 
difficulty  by  water,  in  which,  however,  it  is  appreciably  soluble, 
1  part  dissolving  in  221'9  parts  of  cold  water;  it  also  readily 
dissolves  in  ammonium  sulphide.  The  thiogermanates  are  ob- 
tained by  fusing  germanium  derivatives  with  an  alkali  carbonate 
and  sulphur.^ 

Germanium  Monosulphide,  GeS,  is  obtained  by  carefully  heating 
the  disulphide  in  a  current  of  hydrogen,  and  forms  thin  plates 
having  a  greyish-black  colour  and  an  almost  metallic  lustre. 
The  reduction  easily  proceeds  further,  with  formation  of  metallic 
germanium.  When  dissolved  in  alkalis  and  reprecipitated  by 
acid,  it  forms  brown,  amorphous  flakes  which  dissolve  in  hot 
concentrated  hydrochloric  acid  with  evolution  of  sulphuretted 
hydrogen.^ 

Detection  and  Estimation  of  Germanium. 

391  Germanium  salts  impart  no  colour  to  the  Bunsen  flame, 
but  the  spark  spectrum  exhibits  a  number  of  bright  lines, 
especially  in  the  blue  and  violet  regions,  the  following  among 
others  having  been  measured :  6021,  5893,  5131,  4814,  4743, 
4685,  4261,  4179.  It  is  most  readily  recognised  by  the  forma- 
tion of  the  white  sulphide,  soluble  in  excess  of  ammonium 
sulphide,  and  this  compound  is  also  the  most  suitable  yet  known 
for  its  gravimetric  estimation.  The  atomic  weight  of  germanium 
was. determined  by  Winkler  by  the  analysis  of  pure  germanium 
chloride,  the  average  value  found  being  72'5. 


TIN  (Stannum).    Sn  =  ii9o. 

392  This  metal  was  known  in  early  times.     It  is  very  uncer- 
tain whether  the  word  "  bedil "  in  the  Old  Testament,  which  is 

"  J.  pr.  Ghem.,  1886,  [2],  34,  182  ;  1887,  [2],  36,  177. 
2  Ber.,  1888,  21,  131. 
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translated  by  the  Greek  word  Kaa-a'nepo^,  and  by  the  Latin 
stanmim,  was  originally  used  to  designate  tin.  It  is  likewise 
doubtful  whether  the  metal  which  the  Phoenicians  are  said  to 
have  brought  from  the  Cassiterides,  whose  exact  localit}^  was 
unknown  to  Herodotus,  was  really  tin.  Possibly  the  Greek 
■word  is  connected  with  the  Arabic  "  kasdir,"  which  signifies  tin. 
It  is,  however,  certain  that  at  the  beginning  of  our  era  the  word 
was  used  to  specify  tin,  for  Pliny  states  that  cassiteron  and 
plunibum  candiditm  are  the  same,  and  he  adds  that  it  is  more 
expensive  th&n  plumbikm  nigrttm  (lead) ;  he,  moreover,  states  that 
it  serves  for  soldering  the  latter  metal,  and  that  it  is  obtained  from 
the  Cassiterides  in  the  Atlantic  Ocean.  That  the  Cassiterides 
really  were  the  British  Islands  appears  more  than  probable,  for 
after  Caesar's  conquest  tin  was  carried  from  the  Cornish  mines 
through  Gaul,  by  way  of  Marseilles  to  Italy  ;i  and  Diodorus 
Siculus  mentions  that  the  inhabitants  carry  the  tin  to  a  certain 
island  called  Iktis,  lying  on  the  coast  of  Britain.  "  During  low 
water  the  intermediate  space  is  left  dry,  and  they  then  carry 
over  abundance  of  tin  to  this  place  in  their  carts."  There  can 
be  little  doubt  that  the  Iktis  of  Diodorus  is  St.  Michael's  Mount, 
in  Mount's  Bay,  in  Cornwall ;  for  up  to  the  present  day  a  cause- 
way exists,  flooded  at  high  water,  but  dry  at  low  water,  across 
which  the  inhabitants  are  in  the  habit  of  carrying  goods  to  and 
from  the  mainland.  The  names  by  which  Pliny  designates  tin 
and  lead  seem,  however,  to  show  that  he  did  not  consider  these 
as  distinct  metals,  but  rather  as  varieties  of  one  metal,  and  he 
adds,  "  Sequitur  naturae  plumbi  cujus  duo  genera,  nigrum  at- 
que  candidum."  The  word  stannum,  which  at  a  later  period 
became  the  general  designation  for  tin,  also  occurs  in  Pliny's 
works,  though  it  appears  certain  that  by  this  word  he  did  not 
signify  tin,  but  rather  any  mixture  of  metals  which  contains 
lead.  In  the  works  of  the  Latin  Geber  the  most  important 
properties  of  tin  are  mentioned,  such  as  the  peculiar  crackling 
sound  which  the  metal  emits  when  bent,  as  well  as  the  fact 
that  it  forms  brittle  alloys.  Tin  was  termed  Hermes  by  the 
early  Greek  alchemists,  but  about  a.d.  500  it  received  the 
name  of  Zeus  or  Jupiter,  and  to  it  the  sign  11  was  given ;  owing 
to  the  above-mentioned  property  of  forming  brittle  alloys  it  was, 
however,  sometimes  termed  diaholus  mdallonovi. 

Tin  has  been  found  in  small  quantities  in  Siberia,  Guiana,  and 
Bolivia  in  the  native  state,  together  with  metallic  gold,  though 
1  G.  Smith,  Thi  Cassiterides.     London,  1863. 
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the  metallic  tin  from  the  last-named  locality  may,  according  to 
Forbes,  possibly  have  been  an  artificial  product.  It  has  also 
been  found  in  small  tablets  in  bismuthite  from  Mexico. 

The  chief  ore  of  tin  is  cassiterite,  or  tinstone,  a  more  or  less 
pure  form  of  the  dioxide,  SnOj.  Less  frequently  it  is  found 
as  tin  pyrites,  Cu^SnS^,(Fe,Zn)2SnS^,  and  occasionally  as 
silicate.  It  also  occurs  in  small  quantity  in  certain  epidotes,  as 
well  as  in  columbites,  tantalites,  and  other  similar  minerals. 
Various  mineral  waters  likewise  contain  traces  of  tin,  and 
this  metal  has  also  been  detected  in  certain  meteoric 
masses. 

393  The  Metallurgy  of  Tin} — Almost  all  commercial  tin  is 
obtained  from  tinstone,  which  is  found  in  veins  traversing  the 
older  crystalline  and  schistose  rocks,  and  also  as  stream  tin  in 
water-worn  nodules  amongst  the  detritus  of  the  same  rocks. 
Tin  ore  is  not,  however,  very  widely  distributed,  only  occurring 
in  large  masses  in  a  few  localities.  The  oldest  and  best  known 
tin  mines  from  which  tin  has  continuously  been  obtained,  pro- 
bably from  the  time  of  the  Phoenicians  up  to  the  present,  are 
those  of  Cornwall.  The  ore  there  occurs  in  the  granite  and  in 
the  metamorphic  schistose  rock,  and  is  found  especially  rich  in 
the  killas,  a  metamorphic  clay  slate,  and  in  the  line  of  junction 
of  this  with  granite.  It  is  found  in  veins  or  lodes,  in  beds  or 
flats,  and  in  ramifications  of  small  veins  or  "  stock  werke,"  and 
these  tin  veins  usually  run  in  Cornwall  in  an  easterly  or 
westerly  direction.  The  following  minerals  are  frequently 
found  together  with  tinstone :  wolfram,  apatite,  topaz,  mica, 
tourmaline,  arsenical  pyrites,  &c. 

Tin  mines  exist,  though  on  a  much  smaller  scale  than  in 
Cornwall,  in  other  parts  of  Europe,  as  in  Saxony,  Bohemia, 
Russia,  Sweden,  France,  and  in  the  Spanish  province  of 
Galicia.  Very  large  deposits  of  tin  ores  are,  however,  found  in 
other  quarters  of  the  globe.  Thus,  for  instance,  in  the  Island  of 
Banca,  and  on  the  Malay  Peninsula,  large  quantities  of  tin  ore 
are  found,  chiefly  in  the  form  of  stream  tin,  though  it  likewise 
occurs  in  lodes  in  granite  rocks.  This  source  of  tin  was  dis- 
covered at  the  beginning  of  the  eighteenth  century,  and  at  a 
later  time  very  rich  mines,  which  are  now  worked,  were  discovered 
in  the  neighbouring  Islands  of  Bilitong,  Sumatra,  and  Carimon. 

Tin  has  also   been   found  in   Bolivia,  Peru,  United  States, 

1  See  also  Metallurgy  of  Tin.  Henry  Louis.  McGraw-Hill  Book  Company, 
1911. 
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New  South  Wales,  Queensland,  Tasmania,  Burma,  Siara, 
China,  Northern  Nigeria,  South  Africa,  &c. 

Tin  ores  may  be  smelted  in  shaft  furnaces  or  in  reverberatory 
furnaces,  but  as  the  ores  obtained  are  generally  very  poor, 
containing  only  from  1  to  2  per  cent,  of  tin,  preliminary 
operations  of  dressing  or  concentration  are  always  necessary, 
and  as  considerable  losses  are  experienced  in  these  operations, 
much  attention  is  being  given  to  the  direct  treatment  of  tin- 
bearing  material,  and  many  suggestions  have  been  put  forward. 
These,  however,  are  not  in  a  sufficiently  advanced  state  to  be 
considered  in  detail. 

The  process  adopted  in  Cornwall  for  the  reduction  of  the 
metal  is  a  simple  one.  The  ore,  which  consists  not  only  of 
Cornish  stone,  but  likewise  of  Australian  and  Peruvian  ore, 
after  being  stamped,  is  washed  to  free  it  as  much  as  possible 
from  gangue,  and  is  then  roasted  in  calcining  furnaces  for  the 
purpose  of  driving  off  the  sulphur  and  arsenic  contained  in  the 
arsenical  and  ordinary  pyrites,  if  these  be  present. 

The  vapours  from  these  revolving  calcining  furnaces  are  led 
into  chambers  in  which  the  arsenious  oxide  condenses.  The 
construction  of  an  Oxland  and  Hocking's  revolving  calciner 
is  shown  in  Fig.  178.  This  consists  of  a  long  cylinder  lined 
with  firebrick  and  placed  in  an  inclined  position.  The  fire  (h) 
is  placed  at  the  lower  end  (a),  whilst  the  upper  end  is  in  con- 
nection with  chambers  in  which  the  arsenious  oxide  condenses. 
The  ore  is  dried  on  the  top  of  these  chambers,  which  are  made 
of  iron  plate,  and  then  brought  by  means  of  the  hopper  (h)  into 
the  cylinder,  the  roasted  ore  falling  down  into  the  space  (f). 
This  then  undergoes  a  second  washing  in  order  to  remove  the 
ferric  oxide  and  other  oxidised  materials,  and  is  again  roasted 
for  the  purpose  of  volatilising  the  last  traces  of  arsenic  and 
sulphur.  After  these  operations  the  roasted  ore  is  found  to 
contain  from  60  to  70  per  cent,  of  tin.  It  sometimes  happens 
that  the  tin  ore  is  mixed  with  more  or  less  wolfram,  (Fe,Mn)W04, 
and  as  this  mineral  possesses  a  high  specific  gravity  it  cannot 
be  removed  from  the  tin  ore  by  washing,  In  order  to  remove 
this  impurity,  the  presence  of  which  in  the  smelting  operations 
would  prove  injurious  to  the  quality  of  the  tin  obtained,  the 
ore  is  passed  through  some  form  of  magnetic  separator  which 
extracts  the  wolfram  and  allows  the  tinstone  to  pass  on.  The 
prepared  tin  ore,  or  hlaclc  tin,  is  then  mixed  with  one-fifth 
part  its  weight  of  anthracite  and  the  mixture  sprinkled  with 
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some  water  in  order  to  prevent  the  finely  divided  ore  from 
being  blown  by  the  draught  into  the  flues.  The  construction 
of  the  reverberatory  furnace  is  shown  in  Figs.  179  and  180; 
the  charge   is   introduced  by  the  door  (b)   on    to  the  hearth 


Fig.  180. 


(a),  and  then  worked  through  the  door  (e).  The  temperature 
of  the  furnace  is  gradually  raised  for  five  hours,  the  charge  then 
repeatedly  stirred,  and  at  the  expiration  of  six  hours  the  reduced 
metal  is  tapped  and  allowed  to  run  from  the  lower  part  of  the 
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hearth  through  the  hole  (f)  into  the  vessel  (g).  The  impure 
tin  thus  obtained  is  then  cast  into  moulds,  and  these  are 
refined  by  the  process  of  liq^iation.  This  is  eifected  by  placing 
the  ingots  in  another  similar  reverberatory  furnace  which  is 
gradually  heated,  so  that  the  pure,  more  easily  fusible  tin  first 
melts  and  runs  into  a  cast-iron  vessel  (h)  placed  below,  whilst 
the  less  fusible  alloy  of  tin  with  iron  and  arsenic  remains 
on  the  hearth.  A  fire  is  placed  under  the  vessel  (h)  in  order 
to  keep  the  metal  liqixid,  and  this  is  then  stirred  up  with 
a  pole  of  green  dense  wood.  The  length  of  this  operation 
depends  upon  the  quality  of  the  metal  which  it  is  desired 
to  obtain,  and  may  last  from  one  to  several  hours.  The  dross 
which  separates  during  the  process  of  refining,  and  the  "  hard- 
head," or  residue  which  remains  on  the  hearth,  both  of  which 
contain  large  quantities  of  tin,  are  afterwards  worked  up.  In 
order  to  prepare  go'ain  tin  the  tin  is  heated  until  the  metal 
becomes  brittle  and  -crystalline;  it  is  then  broken  up  by  a 
hammer,  or  allowed  to  fall  from  a  considerable  height. 

The  slags  formed  during  the  smelting  operations  generally 
contain  sufficient  tin  to  be  worth  extraction.  This  tin  may 
exist,  as  prills  of  metal  or  in  chemical  combination.  The 
metallic  portion  is  often  separated  by  crushing  and  washing,  or 
by  allowing  the  slag  to  stand  in  a  molten  condition  for  some 
hours,  when  the  metallic  tin  settles  to  the  bottom.  Slags 
containing  tin  in  the  combined  condition  are  re-smelted  with 
dross  and  other  residues  and  strong  bases  at  high  temperatures 
in  shaft  or  reverberatory  furnaces. 

394  Separation  of  Tin  from  Tin  Scrap,  &c. — Tin  is  separated 
from  tin  scrap  and  tin  can  waste  by  means  of  dry  chlorine  gas. 
The  tin  waste  is  washed  in  an  alkaline  bath  to  remove  grease, 
rinsed  in  water,  then  heated  in  a  furnace  to  remove  solder, 
and  then  treated  in  iron  cylinders  with  chlorine,  the  cylinders 
being  kept  cool.^  The  tin  chloride  thus  formed  is  put  on  the 
market,  and  the  steel  scrap,  which  contains  less  than  Ol  per 
cent,  tin,  is  hydraulically  pressed  into  briquettes,  and  smelted 
in  open-hearth  furnaces. 

The  electrolytic  process  formerly  used,  in  which  sodium 
hydrate  was  the  electrolyte,  proved  expensive,  as  it  required 
highly  paid  labour,  expensive  electric  current,  and  gave  as  a 
product  a  tin  mud  of  inferior  quality,  which  required  further 
smelting  treatment  to  convert  it  into  marketable  tin. 
1  Ost.  Ze.it.  f.  Berg.  u.  Hutt-Wesen,  1909,  57,  103. 
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The  total  amount  of  tin  produced  in  1911  was  about  104,090 
tons/ 

395  Properties  and  Uses  of  Tin. — Tin  is  a  white,  brightly 
lustrous  metal,  which  melts  at  232°  (Heycock  and  Neville), 
volatilises  between  1450°  and  1600°  (Carnelley  and  Williams), 
and  has  a  specific  gravity  at  13°  of  7'293  (Matthiessen).  It  is 
harder  than  lead,  but  softer  than  gold.  It  exhibits  a  fibrous 
fracture,  and  when  bent  emits  a  peculiar  crackling  sound 
caused  by  the  friction  of  the  crystalline  particles.  Tin  can  be 
easily  rolled  or  hammered  out  to  foil,  and  at  a  temperature 
of  100°  it  may  be  drawn  into  wire,  which,  however,  possesses  but 
slight  tenacity ;  at  200°  it  becomes  so  brittle  that  it  may  be 
powdered.  A  sample  of  Banca  tin  which  was  exposed  at  St. 
Petersburg  to  a  very  low  temperature  during  the  winter  of 
1867-8,  fell  to  granular,  crystalline  pieces  or  to  a  coarse  powder. 
This  alteration  is  due  to  the  fact  that  tin,  like  sulphur,  exists  in 
more  than  one  form,  dependent  upon  the  temperature,  the  stable 
form  below  18°  being  the  grey  powder  or  "  grey  tin."  At  ordinary 
temperatures  common  white  tin  is  in  a  metastable  condition, 
but  the  change  to  the  stable  grey  tin  takes  place  with 
extreme  slowness.  The  rate  of  change  may,  however,  be 
accelerated  by  lowering  the  temperature,  the  maximum  velocity 
being  reached  at  -  50°.  This  alteration  was  known  to  Aristotle, 
who  speaks  of  tin  as  "  melting  "  when  kept  at  low  tempera- 
tures.^ Between  18°  and  170°  the  stable  form  of  tin  is  tetra- 
gonal, whilst  above  this  temperature  it  is  rhombic.^  If  zinc  be 
brought  into  a  solution  of  tin  chloride  the  metal  separates  out 
in  the  form  of  fine  crystalline  dendrites,  and  this  deposit, 
known  as  the  tin-tree  (Arbor  Jovis),  was  first  prepared  by 
Ilsemann  in  1786.  When  tin  is  melted  and  then  allowed 
partially  to  solidify,  the  liquid  portion  being  poured  off,  needle- 
shaped  prismatic  or  tabular  crystals  of  the  metal  remain  behind. 
Another  mode  of  obtaining  crystalline  tin  is  to  decompose  tin 
chloride  by  a  weak  electric  current,  when  the  metal  is  deposited 
in  tetragonal  prisms  and  pyramids.  Fine  crystals  of  tin  can  also 
be  obtained  when  water  containing  zinc  dust  in  suspension  is 
gradually  added  to  a  solution  of  tin  chloride. 

'  Mineral  Industry,  1911,  20,  704. 

'^  Cohen  and  van  Eyk,  Zeit.  phydkal.  Chem.,  1899,  30,  601  ;  Hasslinger, 
Monatsh.,  1908,  29,  787;  Cohen,  Zeit.  phydhal.  Chem.,  1908,  63,  625;  1909, 
68, 214. 

3  Findlay,  The  Phase  Rule,  p.  39  (Longmans,  1904) ;  Cohen  and  Goldschmidt, 
Zeit.  anorg.   Chem.,  1904,  50,   225. 
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Metallic  tin  remains  bright  in  dry  or  moist  air  at  the  ordinary 
temperature,  but  when  melted  gradually  oxidises,  forming  a 
greyish-white  skin  on  the  surface,  which  consists  of  a  mixture 
of  tin  and  stannous  oxide  and  is  gradually  oxidised  to  the 
dioxide.  It  is  dissolved  by  dilute,  and  more  rapidly  by  concen- 
trated hydrochloric  acid,  with  evolution  of  hydrogen  and  forma- 
tion of  stannous  chloride ;  it  dissolves  also  in  aqua  regia  and  in 
hot  concentrated  sulphuric  acid,  and  is  converted  by  somewhat 
diluted  nitric  acid  into  metastannic  acid.  It  dissolves  also  in 
aqueous  solutions  of  the  alkalis,  with  formation  of  salts  of 
metastannic  acid  and  evolution  of  hydrogen. 

Tin  is  used  for  a  large  number  of  purposes,  for  the  prepara- 
tion of  vessels  for  household  and  technical  use,  for  the  manufac- 
ture of  tinfoil,  for  tinning  copper  and  iron,  and  especially  for 
preparing  the  alloys  of  tin.  Tinned  copper  vessels  were  em- 
ployed by  the  ancients,  for  we  find  them  described  by  Pliny ; 
and  the  same  author  also  mentions  as  a  well-known  fact  that  in 
the  process  of  tinning,  the  weight  of  copper  articles  increases 
but  slightly,  and  he  adds  that  the  substance  termed  stannum 
is  employed  for  this  purpose. 

Copper-  and  brass-ware  can  readily  be  tinned  by  dipping  the 
vessel  into  the  molten  metal.  In  order  to  cover  the  interior  of 
a  vessel  with  a  coating  of  tin,  it  is  heated  and  some  molten  tin 
poured  in,  which  is  then  well  divided  over  the  surface  by  rub- 
bing with  rags.  In  order  to  prevent  the  oxidation  of  the  metal 
a  small  quantity  of  resin  or  sal-ammoniac  is  added.  Agricola 
was  the  first  to  mention  the  process  of  tinning  iron.  It  appears, 
however,  that  at  that  time  it  was  only  slightly  employed.  The 
process  is  usually  supposed  to  have  been  discovered  in  Bohemia 
in  1620,  coming  into  use  in  England  and  France  about  100 
years  later.  For  the  purpose  of  preparing  the  common  tin  plate, 
the  iron  plate  is  dipped  into  hydrochloric  acid  or  dilute  sul- 
phuric acid,  then  rubbed  over  with  sand  and  water,  and  lastly 
dipped  into  a  bath  of  hot  fat,  in  order  to  dry  and  warm  it.  From 
this  it  is  brought  into  a  vessel  filled  with  melted  tin  covered  with 
a  film  of  oil,  an  alloy  of  tin  and  iron  being  thus  formed.  This 
is  covered  with  a  film  of  pure  tin  by  dipping  it  into  a  second 
bath  of  the  metal,  and  the  sheets  are  lastly  dipped  into  heated 
tallow  in  order  to  remove  the  excess  of  tin. 
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Alloys  of  Tin. 

396  Several  of  these  alloys  are  largely  employed  in  the  arts. 
Tin  and  lead  may  be  mixed  in  any  proportion,  and  the  alloys 
are  harder  and  tougher,  but  more  readily  fusible  than  either  of 
the  two  metals.  For  this  reason  they  are  employed  as  solders. 
The  following  table  gives  the  composition  of  some  of  the 
different  lead  and  tin  alloys  : 

Common  Pewter.  Solder. 


Fine.       Common.       Coarse. 
Tin    ...      4  2  1  1 

Lead  ...      1  1  1  2 

In  practice,  a  certain  amount  of  antimony  is  often  used  to 
replace  some  of  the  tin  in  these  alloys.^ 

Bronze  is  the  name  given  to  any  alloy  consisting  chiefly  of 
copper  and  tin,  although  other  elements  are  frequently  added 
to  impart  particular  properties. 

The  alloys  corresponding  in  composition  to  the  formulae 
SnCug  and  SnCu^  are  definite  chemical  compounds,  and  are  the 
only  ones  of  the  series  which  remain  homogeneous  after  melting, 
a  certain  amount  of  liquation  taking  place  in  all  the  others. 
The  hardness  of  these  alloys  increases  as  the  proportion  of  copper 
is  increased  from  pure  tin  to  35  per  cent,  of  copper ;  from 
35  per  cent,  to  73  per  cent,  of  copper  the  alloys  are  extremely 
brittle,  and  beyond  73  per  cent,  of  copper,  the  hardness  diminishes 
as  the  copper  is  increased.  The  effect  of  heat  on  some  of  the 
copper-tin  alloys  is  remarkable,  for  whilst  steel  is  hardened  by  ' 
quenching  in  water,  these  alloys  are  hardened  by  slow  cooling 
and  when  quenched  in  water  they  lose  their  brittleness  and 
become  malleable. 

Gun-metal  usually  contains  9  parts  of  copper  to  1  of  tin, 
and  has  a  yellow  colour.  This  alloy  also  serves  for  the 
preparation  of  bronze  medals. 

Specidum-vietal  is  composed  of  1  part  of  tin  to  2  parts  of 
copper,  melted  together,  with,  frequently,  addition  of  a  small 
quantity  of  arsenic.  It  possesses  a  steel-grey  colour,  is  vety 
brittle,  and  takes  a  very  high  polish. 

Bell-metal  possesses  a  varying  composition.  It  generally 
consists  of  from  4  to  5  parts  of  copper  to  1  of  tin.     It  has  a 

^  See  Bannister  and  Tabor,  Jottrn.  Inst.  Metals,  1909,  2,  58. 
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yellowish-grey  colour,  and  readily  melts  to  form  a  thin  liquid. 
It  has  a  finely  granular  structure,  is  hard,  brittle,  and  very 
sonorous.  The  Chinese  gongs  and  tom-toms  are  cast  at  a  very 
high  temperature,  and  then  quickly  brought  under  the  hammer, 
in  consequence  of  which  treatment  the  alloy  becomes  very 
dense. 

The  annexed  table  (p.  852)  gives  the  composition  of  some  of 
the  alloys  described  above. 

Phosphor -hronze. — The  addition  of  phosphorus  to  bronze  im- 
parts to  it  a  character  of  greater  hardness,  elasticity,  and  tough- 
ness. This  material  is  obtained  by  melting  copper  with  tin 
phosphide,  sometimes  with  a  small  addition  of  lead.  It  contains 
from  0"25  to  2'.5  per  cent,  of  phosphorus,  and  from  5  to  15  per 
cent,  of  tin,  and  is  largely  used,  especially  that  containing  from 
7  to  8  per  cent,  of  tin,  for  portions  of  machinery  for  which  hard- 
ness and  toughness  are  important  properties.  The  alloy  con- 
taining more  tin  has  been  employed  for  bell-metal.  Its  valuable 
properties  are  connected  with  the  fact  that  copper  forms  a 
homogeneous  alloy  with  tin  phosphide,  the  presence  of  phos- 
phorus preventing  the  oxides  from  dissolving  and  thus  impairing 
the  qualities  of  the  metal. 

Tin  Amalgam. — Tin  readily  combines  with  mercury  with 
lowering  of  temperature.  The  amalgam  may  be  formed  more 
quickly  when  mercury  is  poured  into  molten  tin,  and,  according 
to  the  quantity  of  mercury  added,  the  amalgam  is  either  liquid, 
or  forms  a  granular  or  crystalline  mass.  When  mercury  is 
made  the  negative  pole  in  a  solution  of  tin  dichloride,  fine  crystals 
of  the  amalgam  are  obtained  containing  from  44  to  51  per  cent, 
of  tin  (Joule).  Tin  amalgam  is  largely  used  for  silvering  mirrors. 
For  this  purpose  tin  foil,  which  usually  contains  from  1  to  2  per 
cent,  of  copper  and  a  small  quantity  of  lead,  is  spread  out  on  a 
perfectly  even  horizontal  slate  table.  This  is  then  covered  with 
a  film  of  mercury  from  about  2  to  3  mm.  in  thickness,  and  the 
carefully  cleaned  sheet  of  plate  glass  floated  on  to  its  surface,  the 
excess  of  mercury  being  pushed  forward  and  the  formation  of 
bubbles  of  air  thus  guarded  against.  The  glass  is  then  gradually 
weighted  evenly  throughout  its  surface  in  order  to  remove  the 
excess  of  mercury.  After  the  lapse  of  some  time  the  weights  are 
removed  and  the  plate  gradually  inclined  in  order  that  the 
excess  of  liquid  amalgam  may  flow  away. 

It  is  not  certain  when  this  process  for  manufacturing  mirrors 
was  first  employed,  inasmuch  as,  during  the  middle  ages,  the 
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processes  used  in  the  preparation  of  mirrors  were  kept  secret. 
It  is,  however,  clear  that  before  amalgam  was  used,  a  surface  of 
metallic  lead  was  employed  for  obtaining  a  mirror  as  early  as 
the  thirteenth  century,  when  such  mirrors  were  common.  These 
were  curved,  and  were  prepared,  as  Beckman  describes  in  his 
History  of  Inventions,  from  large  glass  globes,  into  the  interior 
of  which  a  mixture  of  resin,  molten  lead,  and  sulphide  of 
antimony  was  introduced,  the  fluid  mass  being  brought  over 
the  surface  until  it  was  all  covered  with  a  thin  film.  The  globe 
was  then  cut  into  pieces,  and  the  mirrors  thus  obtained  were 
often  employed  as  ornaments.  A  guild  of  glass-mirror  makers 
existed  at  Nuremberg  in  the  year  1373;  whether  they  made 
mirrors  according  to  the  above  process  is  doubtful,  but  they, 
as  well  as  French  workmen,  sold  products  of  their  art  in  the 
Venetian  market  up  to  the  year  1500.  The  use  of  amalgam 
for  coating  mirrors  is  first  mentioned  by  Kunkel,  who  recom- 
mends for  the  purpose  an  amalgam  of,  2  parts  of  quicksilver, 
1  of  marcasite  (bismuth),  |  part  of  tin,  and  J  part  of  lead. 


COMPOUNDS  OF  TIN. 

Tin  and  Oxygen. 

397  The  fact  that  tin  readily  forms  a  calx  was  observed  at  an 
early  period.  Pelletier  was  the  first,  in  the  year  1792,  to  show 
that  tin  combines  in  two  proportions  with  oxygen,  forming  two 
series  of  salts.  This  investigation  was  continued  by  Proust,  but 
for  a  long  time  considerable  doubt  existed  as  to  the  number  of 
the  oxidation  products  of  the  metal.  Berzelius  in  1812  assumed 
that  there  were  three  oxides,  SnO,  SngOg,  and  SnOj,  on  the 
grounds  that  when  the  metal  is  oxidised  by  nitric  acid  the  highest 
oxide  thus  prepared  possesses  a  totally  different  chemical 
character  from  that  obtained  by  precipitation  with  alkalis 
from  a  solution  of  the  salts  of  tin.  The  subsequent  investi- 
gations of  Davy,  Gay-Lussac,  and  Berzelius  himself,  have  proved 
that  onlv  the  first  and  last  of  these  oxides  exist.  A  peroxide, 
SnOg,  has  also  been  prepared. 

Tin  Monoxide  or  Stannous  Oxide,  SnO. — This  oxide  may  be 
prepared  in  a  variety  of  ways.  In  the  first  place  it  is  obtained 
as  an  olive-coloured  powder  when  stannous  oxalate  is  ignited 
out  of  contact  with  air.     Secondly,  it  may  be  prepared  by  adding 
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a  solution  of  potassium  carbonate  to  one  of  tin  dichloride,  when 
a  white  precipitate  having  the  composition  Sn20(OH)2  is  thrown 
down.  This  readily  absorbs  oxygen  from  the  air,  but  if  it  be 
washed  in  absence  of  air  and  dried  in  a  stream  of  carbon  dioxide, 
the  monoxide  remains  behind  as  a  black  powder.  Stannous 
oxide  is  also  obtained  when  the  pure  dichloride  is  mixed  with 
sodium  carbonate,  the  mass  heated  until  it  has  become  black, 
and  then  lixiviated.  If  the  hydrated  oxide  be  boiled  with  a 
dilute  solution  of  caustic  potash,  the  anhydrous  oxide  is  obtained 
as  a  crystalline  powder,  the  crystals  consisting  of  combinations 
of  the  cube  and  dodecahedron.  It  may  also  be  obtained  in  the 
crystalline  state  by  digesting  a  nearly  saturated  solution  of  the 
hydrated  oxide  in  acetic  acid  at  a  temperature  of  56°. 

According  to  Hantzsch  ^  the  hydroxide  SnOj,H2  is  precipitated 
when  caustic  soda  is  added  to  a  solution  of  stannous  chloride  in 
the  absence  of  air.  It  dissolves  in  excess  of  the  reagent,  and, 
like  germanous  hydroxide,  acts  as  a  weak  monobasic  acid  of  the 
type  of  formic  acid,  the  solution  containing  sodium  stannite, 
H-SnO-ONa. 

Stannous  oxide  readily  takes  fire  when  heated  in  the  air,  and 
dissolves  in  acids  with  formation  of  stannous  salts,  to  which  it 
corresponds.  These  are,  however,  more  readily  obtained  by  the 
action  of  acids  upon  the  metal,  and  possess  an  unpleasant 
metallic  taste,  redden  litmus,  owing  to  hydrolysis,  readily  absorb 
oxygen,  and  serve  as  powerful  reducing  agents. 

Tin  Dioxide  or  Stannic  Oxide,  SnO^,  occurs  in  nature  as  tin- 
stone or  cassiterite,  crystallising  in  the  tetragonal  system  (Fig. 
181),  and  possessing  an  adamantine  lustre.  The  crystals 
are  seldom  colourless,  being  generally  tinted 
brown  or  black  from  the  presence  of  the 
oxides  of  manganese  and  iron.  Stream-tin 
is  found  in  water-worn  nodules,  and  Wood- 
tin  in  reniform  fibrous  masses.  When  tin 
is  heated  nearly  to  its  boiling  point  in  the 
air,  it  burns  with  a  luminous,  white  flame, 
and  the  dioxide  which  is  thus  formed  in  a 
state  of  fine  division  was  formerly  known 
as  flares  jovis.  If  fused  in  the  presence 
of  air,  the  surface  of  the  metal  soon  be- 
comes covered  with  a  grey  pellicle,  which  then  passes  into  a 
grey  powder  known  as  flores   stanni,  consisting  of  a  mixture 

1  Ziil.  anory.  Ghtrn.,  1902,  30,  289. 
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of  finely-divided  metal  with  the  oxide ;  the  mixture,  on 
continued  ignition,  is  wholly  converted  into  stannic  oxide. 
The  dioxide  is  also  obtained  on  treating  tin  with  nitric  acid, 
when  a  violent  oxidation  occurs.  The  hydi-ated  white  powder 
thus  formed  yields  the  dioxide  on  washing  and  igniting.  If  a 
solution  of  stannic  chloride  be  precipitated  with  ammonia,  a 
gelatinous  precipitate  is  obtained  which  can  be  completely 
washed  only  with  difficulty.  If,  however,  it  be  heated  with  a 
concentrated  solution  of  an  alkali  sulphate,  a  dense  precipitate 
is  thrown  down,  and  this  can  be  easily  washed  and  ^yields  the 
pure  dioxide  on  ignition.  An  amorphous,  white  or  straw- 
coloured  powder  is  then  obtained,  which  is  quite  insoluble 
in  water  and  possesses  a  specific  gravity  of  6'71.  On  heating 
it  changes  colour,  becoming  lemon-yellow  and  then  brown,  but 
it  assumes  its  original  tint  on  cooling. 

The  dioxide  may  also  be  obtained  by  the  electrolysis  of  a 
solution  of  potassium  or  sodium  chloride,  a  tin  plate  being 
used  as  anode,  and  one  of  platinum  as  cathode.^ 

By  heating  amorphous  stannic  oxide  in  a  current  of  hydro- 
gen chloride  it  may  be  obtained  in  microscopic  crystals  which 
have  the  form  of  cassiterite  and  a  specific  gravity  of  6'72 
(Deville).^  The  formation  of  crystalline  stannic  oxide  has  been 
observed  in  fusing  the  dross  collected  on  the  hearth  of  a  gun- 
metal  furnace,  the  crystals  being  hard,  brittle,  four-sided  prisms.* 
Stannic  oxide  can  be  fused  only  at  a  very  high  temperature, 
according  to  Cusack  *  1127°.  It  is  not  volatile,  nor  is  it  attacked 
by  concentrated  acids,  with  the  exception  of  sulphuric  acid. 

Stannic  Hydroxides. — Two  isomeric  stannic  hydroxides  are 
known,  each  of  which  behaves  as  an  acid,  yielding  a  correspond- 
ing series  of  salts.  From  analogy  it  would  be  expected  that 
the  acids  would  correspond  to  meta-  and  ortho-silicic  and  titanic 
acids,  and  have  the  compositions  HgSnOg  and  H^SnO^ ;  as,  how- 
ever, both  acids  exist  in  all  degrees  of  hydration  between  the 
limits  required  by  these  two  formulae,^  the  isomerism  must  be 
due  to  other  causes.  No  satisfactory  explanation  of  the  differ- 
ence in  their  constitution  has,  however,  as  yet  been  given.  The 
two  acids  are  distinguished  as  stannic  and  metastannic  acids,  or 

'  Lorenz,  Zeit.  anorg.  Chem  ,  1896,  12,  436. 

2  Compt.  rend.,  1861,  53,  161. 

3  Abel,  Journ.  Chem.  Soc,  1858,  119. 

*  Proc.  Soyal  Irish  Acad.,  1897,  4,  399. 

''  See  Lorenz,  Zeit.  anorg.  Chem. ,  1895,  9,  376. 
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as  a-  and  ^-stannic  acids,  and  each  yields  a  series  of  salts  from 
which  the  original  acid  may  be  again  obtained  by  the  action 
of  stronger  acids. 

Stannic  Acid  or  a- Stannic  Acid  is  obtained  as  a  white  hydrated 
precipitate  by  the  action  of  calcium  carbonate  on  a  solution  of 
stannic  chloride  or  bromide,  or  when  a  stannate  is  carefully  pre- 
cipitated with  an  acid,  The  well-washed  precipitate,  which  is 
slightly  soluble  in  water  and  has  an  acid  reaction,  has  the  com- 
position HgSnOg  when  dried  over  sulphuric  acid,  but  if  it  be 
obtained  by  adding  a  concentrated  solution  of  an  alkali  sulphate 
to  a  solution  of  stannic  chloride  and  allowed  to  dry  in  the  air 
it  has  the  composition  H^SnO^.  Both  of  these  gradually  lose 
water  on  heating,  the  final  product  being  tin  dioxide.  Stannic 
acid  dissolves  readily  in  dilute  mineral  acids  as  well  as  in  the 
alkalis.  With  the  latter  it  yields  the  alkali  stannates  which 
are  the  only  ones  soluble  in  water.  The  other  stannates  are 
obtained  as  insoluble  precipitates  by  double  decomposition. 

According  to  Bellucci  and  Parravano  ''■  the  stannates  have 
the  formula  [Sn(OH)6]M2. 

Potassium  Stannate,  KgSnOg,  is  obtained  by  fusing  the  dioxide 
with  potash,  or  by  dissolving  the  hydrated  oxide  in  potash-lye. 
The  solution  yields  on  evaporation  over  sulphuric  acid  colourless, 
glistening,  rhombic  prisms  of  KgSnOgjSHjO  (Marignac),  which 
have  an  alkaline  taste  and  are  readily  soluble  in  water.  Accord- 
ing to  Bellucci  and  Parravano  ^  the  water  in  this  and  the  corre- 
ponding  sodium  compound  is  not  water  of  crystallisation,  but 
these  salts  are  derived  from  hexahydroxystannic  acid,  H,Sn(OH)j, 
and  are  isomorphous  with  the  hexahydroxyplatinates.  Metallic 
copper  brought  into  contact  with  the  solution  becomes  covered 
with  a  bright  coating  of  tin. 

Sodium  Stannate,  NagSnOj,  is  prepared  on  a  large  scale  and 
employed  extensively  in  calico-printing  under  the  name  of 
preparing  salts.  It  is  obtained  either  by  fusing  the  finely 
powdered  or  levigated  tinstone  with  caustic  soda,  dissolving 
the  mass  in  water  to  remove  any  ore  that  may  be  unacted  upon, 
and  evaporating  the  solution ;  or  by  heating  tin  with  caustic 
soda  and  Chili  saltpetre.  On  evaporating  the  solution  crystals 
of  Na2Sn03,3H20,  or  Na3Sn(0H)g,  are  obtained,  which  are  more 
soluble  in  cold  than  in  hot  water.  A  tolerably  concentrated 
solution  of  the  salt  which  contains  no  caustic  soda  deposits  on 

1  Zeit.  anorg.  Chem.,  1905,  45,  142. 

?  Atti  R.  Acad.  Lincei,  1904,  [5],  13,  ii.,  324  ;  14,  1.,  457. 
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cooling  fine  prisms  of  the  composition  Na2SnO3,10H2O,  and 
these  effloresce  on  exposure  to  air. 

Metastannic  Acid  and  the  Metastannates. — In  his  Reflections 
on  the  Hypothesis  of  Alkali  and  Acidum,^  published  in  1670, 
Boyle  remarks  that  aqua-fbrtis  eats  up  or  destroys  more  tin 
than  it  dissolves.  On  the  other  hand,  he  elsewhere^  men- 
tions that  a  solution  of  tin  in  aqua-fortis  readily  becomes 
gelatinous.  Kunkel,  who  also  studied  the  action  of  nitric 
acid  on  tin,  mentions  in  his  Zaloratoriiim  Ghymicum  that 
tin  can  only  be  dissolved  when  it  is  added  in  small  quan- 
tities to  an  acid,  and  that  heat  must  be  altogether  avoided, 
because  white  calx  of  tin  is  thrown  down  when  the  acid  is  hot. 
The  explanation  of  these  different  statements  is  to  be  found 
in  the  facts  that  when  the  metal  is  treated  with  weak  nitric 
acid  it  forms  either  stannous  or  stannic  nitrate  according  to  the 
degree  of  concentration  of  the  acid,  and  that  the  latter  salt 
easily  decomposes  with  separation  of  a  gelatinous  stannic  acid, 
whilst,  on  the  other  hand,  when  tin  is  acted  upon  by  strong  nitric 
acid  it  is  violently  attacked  with  evolution  of  heat  and  forma- 
tion of  an  insoluble  white  powder  consisting  of  metastannic  acid. 
Metastannic  acid  reddens  litmus,  and  when  dried  in  the  air 
contains  about  20  per  cent,  of  water,  which  it  gradually  loses 
when  heated  or  when  dried  in  a  vacuum,  but  it  is  doubtful 
whether  any  definite  hydrate  is  formed  during  the  process.^ 

Metastannic  acid  is  distinguished  from  ordinary  stannic 
acid,  inasmuch  as  it  is  altogether  insoluble  in  nitric  acid,  and 
swells  up  but  does  not  dissolve  in  strong  sulphuric  acid,  forming 
a  compound  with  it  which  is  decomposed  by  water.  When 
warmed  with  concentrated  hydrochloric  acid  it  combines  with  it 
to  form  a  hydrochloride  of  metastannic  acid,  which  is  insoluble 
in  hydrochloric  acid  but  soluble  in  water,  and  which  gelatinises 
on  boiling,  even  in  very  dilute  solution. 

The  salts  of  metastannic  acid  are  formed  by  the  action  of 
the  alkalis  on  metastannic  acid  or  on  its  compound  with  hydro- 
chloric acid.  They  all  possess  a  very  complicated  composition 
and  crystallise  with  difficulty.  The  sodium  salt  has  been  most 
exactly  examined. 

Sodium  Metastannate,  Na2Sn50jj,4H20,  or  HgNa2Sn50]5. — 
This  is  a  slightly  soluble,  granular,  crystalline  powder  obtained 

'  Boj-le,  Op.  4,  284. 

2  "  Experiments  and  Considerations  Concerning  Colours." 

•*  Compare  Gompt.  rend.,  1897,  125,  464. 
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by  the  action  of  cold  caustic  soda  solution  on  metastannic  acid. 
If  a  hydrochloric  acid  solution  of  naetastannic  acid  be  precipi- 
tated with  caustic  soda,  hard  gum-like  masses  of  a  compound 
Na.gSugOjg.SHjO  are  obtained. 

When  solutions  of  stannic  acid  in  hydrochloric  acid  and  hydro- 
broraic  acid  (which  are  identical  with  the  solutions  obtained  by 
the  action  of  water  on  stannic  chloride  and  bromide)  are  allowed 
to  stand,  the  stannic  acid  slowly  undergoes  conversion  into  meta-'- 
stannic  acid,  which  usually  separates  out  as  an  opalescent  precipi- 
tate. This  change  takes  place  much  more  rapidly  with  the 
hydrobromic  than  with  the  hydrochloric  acid  solution  and  may 
in  both  cases  be  followed  quantitatively  by  suitable  means.'^  It 
would  therefore  appear  that  the  constitution  of  metastannic  acid 
is  more  complex  than  that  of  stannic  acid,  and  this  is  confirmed 
by  the  fact  that  many  of  the  metastannates  have  an  even  more 
complicated  composition  than  those  mentioned  above. 

Colloidal  or  Soluble  Stannic  Acid  was  obtained  by  Graham'^  by 
the  dialysis  of  a  mixture  of  tin  tetrachloride  and  alkali,  or  of 
sodium  stannate  and  hydrochloric  acid,  the  gelatinous  mass 
which  is  first  formed  gradually  dissolving.  The  liquid  is  con- 
verted on  heating  into  colloidal  metastannic  acid.  Traces  of 
hydrochloric  acid  or  of  a  salt  bring  about  gelatinisation  in  both 
solutions. 

Tin  Peroxide,  SnOg. — This  oxide  is  known  only  in  the  hydrated 
condition,  and  is  prepared  by  the  addition  of  barium  peroxide 
to  a  solution  of  stannous  chloride  containing  hydrochloric  acid. 
The  barium  chloride  is  removed  by  dialysis,  and  the  colloidal 
solution  is  evaporated.  A  white  mass  having  the  formula 
HjSdjO^  or  2SnOg,H20  remains  behind.^ 

When  stannic  hydroxide  is  heated  with  hydrogen  peroxide 
at  70°,  and  the  mixture  is  desiccated,  a  perstannic  acid, 
HSnO^,2H20,  is  obtained,  and  this  on  heating  at  100°  yields  the 
acid  H2Sn207,3H20.  Potassium  and  sodium  stannates  when 
similarly  treated  form  salts  corresponding  to  these  acids.* 

When  concentrated  alkali  stannate  solutions  are  electrolysed 
at  low  temperatures  and  with  low  current  densities,  per- 
stannates  are  formed,  owing  to  anodic  oxidation.^ 

'  Lorenz,  Zeit.  anorg.  Ghem.,  1895,  9,  376. 

2  Phil.  Trans.,  1861,  151,  213. 

"  Spring,  Bull.  Soc.  chim.,  1889,  [3],  1,  180. 

*  Tanatar,  Ber.,  1905,  38,  1184. 

"  Coppadoro,  Qazz.,  1908,  38,  i.,  489. 
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Stannous  Compounds. 

398  Tin  Difliioride  or  Stannous  Fluoride,  SnFg,  is  obtained  by 
dissolving  the  hydrated  monoxide  in  hydrofluoric  acid.  On 
evaporation  in  absence  of  air  this  compound  is  obtained  in  the 
form  of  small,  white,  monoclinic  tablets. 

Tin  Bichloride  or  Stannous  Chloride,  SnClj,  is  obtained  on  the 
large  scale  by  dissolving  tin  in  hydrochloric  acid.  On  evapor- 
ating the  solution  and  cooling,  crystals  of  hydrated  stannous 
chloride,  SnCl2.2H20,  known  in  commerce  as  Tin  Salt,  separate 
out  in  transparent,  monoclinic  prisms  which  melt  in  their 
water  of  crystallisation  at  40°,  and  on  cooling  again  yield  a 
crystalline  mass.  They  have  a  specific  gravity  of  2"7l,  and  dis- 
solve at  the  ordinary  temperature  in  037  part  of  water. 
When  more  strongly  heated  they  partially  decompose  with 
evolution  of  hydrogen  chloride,  but  when  dried  in  a  vacuum  over 
sulphuric  acid  they  lose  their  water.  The  anhydious  salt,  which 
may  also  be  obtained  by  heating  tin  in  hydrogen  chloride,  or 
with  the  requisite  amount  of  corrosive  sublimate,  is  a  transparent 
mass  having  a  fatty  lustre  and  conchoidal  fracture.  It  fuses  at 
250°  to  form  an  oily  liquid  which  boils  at  606°.  Its  vapour  at  low 
temperatures  has  a  density  always  less  than  that  required  by 
the  formula  SngCl^,  but  at  a  high  temperature  the  value  becomes 
constant,  agreeing  with  SnClg,^  whilst  the  freezing  point  of 
urethane  is  lowered  by  dissolving  stannous  chloride  in  it  by  an 
amount  corresponding  to  the  formula  SnCl^.^  The  hydrated 
salt  dissolves  in  a  small  quantity  of  water  with  lowering  of 
temperature,  forming  a  clear  liquid  which,  when  diluted  with 
much  water,  becomes  turbid,  a  basic  chloride,  2Sn(OH)Cl,H20, 
being  precipitated;  this  again  dissolves  on  the  addition  of 
acids.  The  same  precipitate  is  formed  when  the  clear  solution 
is  exposed  to  the  action  of  the  air : 

eSnCla  -f  2H2O  +  O2  =  2SnCl,-)-  4Sn(OH)Cl. 

Stannous  chloride  is  soluble  in  alcohol  and  in  ether.^  It 
combines  with  ammonia  to  form  compounds  which  vary 
in  composition  according  to  the  temperature  of  reaction.* 
When   cooled    in    a   freezing    mixture,   a    yellow   compound, 

1  Biltz  and  V.  Meyer,  £er.,  1888,  21,  22. 

2  Castoro,  Gazz.,  1898,  28,  ii.,  317. 

2  de  Jong,  Zeif.  anorg.  OJiem.,  1902,  41,  596. 
■*  Sofianopoulos,  Compt,  raid.,  1911,  152,  865. 
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SnCl2,2NH3,  is  formed,  which  blackens  on  exposure  to  light, 
and  is  decomposed  by  moisture  into  stannous  oxide  and 
ammonium  chloride.  At  ordinary  temperatures  a  mixture  of 
SnCl2,2NH3  and  SnClg.NHj  results,  whilst  at  100°  SnCl^.NHg 
only  is  formed.  At  120—300°  the  compound  3SnCl2,2NH3 
is  formed  as  a  brownish-red,  crystalline  mass,  which  is  the  most 
stable  of  the  three  compounds. 

Tin  Dibromide  or  Stannous  Bromide,  SnBr^,  is  obtained  when 
tin  is  heated  in  hydrogen  bromide  or  distilled  with  mercuric 
bromide.  It  forms  a  light  yellow,  translucent  mass  fusing  at 
215'5°,  and  is  soluble  in  water.  A  solution  of  this  compound 
is  obtained  by  acting  with  hot  aqueoiis  hydrobromic  acid  upon 
metallic  tin. 

Tin  Di-iodide  or  Stannous  Iodide,  Snij,  is  best  obtained  by 
adding  a  small  excess  of  iodide  of  potassium  to  a  warm  concen- 
trated solution  of  stannous  chloride.  It  crystallises  in  yellowish- 
red  needles  which  dissolve  only  slightly  in  water,  though  readily 
in  warm  solutions  of  the  chlorides  and  iodides  of  the  alkali 
metals,  and  also  in  dilute  hydrochloric  acid.  It  melts  at  316°, 
solidifying  to  a  crystalline  mass  which  liquefies  at  a  higher 
temperature.  When  heated  in  absence  of  air  it  is  obtained  in 
the  form  of  a  red,  crystalline  mass,  yielding  a  scarlet  powder. 
On  treatment  with  dry  ammonia,  a  yellow  compound  having 
the  formula  Snl2,2NH3  is  formed.^  If  a  saturated  solution  of 
stannous  iodide  in  hydriodic  acid  be  cooled  to  0°,  pale  yellow 
needles  of  iodosiannic  acid,  HSnIg,  are  deposited.  These  are 
very  unstable  and  readily  decompose,  forming  stannous  iodide.^ 

The  fluoride,  chloride,  bromide,  and  iodide  combine  with  the 
corresponding  halide  compounds  of  the  alkali  metals  and  with 
those  of  the  metals  of  the  alkaline  earths  to  form  crystalline 
double  salts. 

Tin  Monosulphide  or  Stannous  Sulphide,  SnS,  is  obtained 
by  heating  together  the  metal  and  sulphur.  Thin  tin  foil  takes 
fire  spontaneously  when  brought  into  sulphur  vapour.  When 
thus  obtained  it  is  a  lead-grey,  tough,  crystalline  mass,  which 
melts  at  a  higher  temperature  than  the  metal.  When  a  solu- 
tion of  stannous  chloride  is  saturated  with  sulphuretted  hydrogen, 
a  brown  hydrated  precipitate  is  obtained,  which  on  drying 
becomes  black.  This  is  scarcely  soluble  in  ammonium  sulphide, 
but  dissolves  on  the  addition  of  sulphur,  and  is  also  soluble  in 

'  Ephraim  and  Schmidt,  Ber.,  1909,  42,  3856. 
2  Young,  /.  Amer.  Ohem.  Soc,  1897,  19,  851. 
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the  polysulphides  of  the  alkali  metals,  the  stannous  sulphide 
being  first  converted  by  the  sulphur  into  stannic  sulphide,  which 
then  dissolves,  forming  ammonium  thiostannate.  When  the 
dried  precipitate  is  added  to  fused  stannous  chloride  and  the 
melted  mass  treated  on  cooling  with  dilute  hydrochloric  acid, 
stannous  sulphide  is  obtained  in  metallic  glistening  crystalline 
scales,  having  a  specific  gravity  of  4-973.  The  crystalline 
variety  may  also  be  obtained  by  heating  the  amorphous  sulphide 
in  the  electric  furnace.^  Amorphous  tin  sulphide  dissolves 
readily  in  hot  hydrochloric  acid,  whilst  the  crystallised  substance 
dissolves  less  readily. 

Stannous  Sulphate,  SnSO^,  is  formed  by  dissolving  the  metal 
or  the  hydrated  oxide  in  dilute  sulphuric  acid.  On  evaporation 
in  a  vacuum,  microscopic  granular  crystals  are  obtained  which 
are  only  a  little  more  soluble  in  hot  than  in  cold  water.  The 
solution  readily  deposits  a  basic  salt. 

Stannous  Nitrate,  Sn(N03)2. — This  salt  is  obtained  by  the 
action  of  very  dilute  nitric  acid  on  the  metal,  ammonium  nitrate 
being  simultaneously  produced : 

4Sn + 1 OHNO3  =  4Sn(N03)2 + NH.NOg  -f  SHp. 


Stannic  Compounds. 

399  Tin  Tetrafluoride  or  Stannic  Fluoride,  SnF^,  is  obtained 
as  a  hygroscopic,  white,  crystalline  substance  by  the  action  of 
anhydrous  hydrofluoric  acid  on  stannic  chloride.^  It  boils  at 
705°,  subliming  below  this  temperature,  and  has  the  specific 
gravity  478  at  19°.  An  aqueous  solution  of  the  fluoride 
may  be  obtained  by  dissolving  the  hydrated  dioxide  in 
hydrofluoric  acid ;  the  solution  coagulates  on  boiling,  and 
decomposes  on  evaporation  with  evolution  of  hydrogen  fluoride. 
Gaseous  ammonia  combines  with  tin  tetrafluoride  at  43°, 
forming  a  white  compound,  SnF^.NHg,  which  loses  very  little 
ammonia  even  at  400°.^  When  the  fluoride  and  ammonia  are 
heated  together  in  a  sealed  tube  at  120—130°,  SnF^,2NH3  is 
formed.     Both  these  compounds  are  soluble  in  ammonia. 

Liquid  hydrogen  sulphide  decomposes  the  fluoride  in  a  sealed 
tube,  thus :  SnF, + 2H2S  =  SnS^ + 4HF. 

>  Mourlot,  Gompt.  reiid.,  1897,  124,  768. 

2  Ruflf  and  Plato,  Ber.,  1904,  37,  673. 

3  Wolter,  Chem.  Ztit.,  1912,  36,  165. 
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Chlorine  compounds  of  phosphorus  bring  about  an  exchange 
of  chlorine  and  fluorine,  and  metals  react  violently  with  the 
fluoride,  liberating  tin. 

It  combines  with  other  fluorides,  forming  a  characteristic 
series  of  double  salts  termed  the  stannifLuorides,  which  mostly 
crystallise  well  and  are  isomorphous  with  the  corresponding 
double  fluorides  of  silicon,  titanium,  germanium,  and  zirco- 
nium.^ 

Potassium  Stannifiiwride ,  KjSnFg.H^O,  is  obtained  by  neut- 
ralising hydrofluoric  acid  with  potassium  stannate,  or  by  treating 
stannic  chloride  with  a  cold  solution  of  potassium  fluoride.^ 

It  crystallises  in  thin  nacreous  tablets,.or  in  rhombic  pyramids 
which  are  much  more  soluble  in  hot  than  in  cold  water. 
When  the  solution  contains  an  excess  of  hydrofluoric  acid, 
the  salt  KjSnFg.HKFg  is  deposited  in  thin  monoclinic 
prisms. 

The  stannifluorides  of  sodium,  ammonium,  calcium,  and 
magnesium  are  also  crystalline  soluble  salts. 

Till  Tetrachloride  or  Stannic  Chloride,  SnCl^,  was  first  men- 
tioned by  Libavius  in  1605,  who  obtained  it  by  distilling  tin 
or  its  amalgam  with  excess  of  corrosive  sublimate.  It  was  termed 
by  him  Splriius  argenti  vivi  sullimati,  but  afterwards  it  re- 
ceived the  name  Spiritus  fumans  Lihavii.  For  its  preparation 
the  process  originally  proposed  by  Libavius  may  be  employed, 
or  chlorine  may  be  passed  over  tin  foil,  tin-plate  scrap  (p.  847), 
or  fused  tin  placed  in  a  retort.  When  the  stream  of  chlorine 
is  quick,  and  especially  if  the  gas-delivery  tube  dips  into  the 
molten  metal,  an  evolution  of  light  and  heat  is  observed.  It 
may  also  be  prepared  by  passing  chloroform  vapour  over  the 
heated  dioxide.^ 

Tin  tetrachloride  is  a  colourless,  thin,  fuming  liquid,  which 
solidifies  at  —33°,  has  a  specific  gravity  of  2'234  at  15°,  and 
boils  at  113'9°,*  forming  a  colourless  vapour  having  the  normal 
specific  gravity  of  91997  (Dumas).  At  the  boiling  point  it 
dissolves  rhombic  sulphur,  3ellow  phosphorus,  and  iodine,  and 
can  be  mixed  in  all  proportions  with  bromine  and  carbon  disul- 
phide.  When  mixed  with  turpentine  so  much  heat  is  evolved  that 
the  hydrocarbon  takes  fire.     Its  property  of  fuming  in  the  air 

'  Marignac,  Ann.  des  Mines,  1859,  [5],  15,  221. 

2  Emich,  Monatsh.,  1904,  25,  907. 

»  Reiiz,  Ber.,  1906,  39,  249. 

*  Thorpe,  Journ.  Chem.  Soc,  1880,  37,  aSl. 
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depends  on  the  fact  that  it  absorbs  atmospheric  moisture.  In 
1770  Demachy  observed  that  it  solidified  when  brought  into  con- 
tact with  one-third  of  its  weight  of  water  to  form  a  crystalline 
mass  termed  butter  of  tin.  Several  distinct  hydrates  soluble  in 
water  may  be  produced,  according  to  the  quantity  of  water 
which  is  added.  Thus  the  compound  SnCl^jSHgO  is  formed  by 
exposing  the  anhydrous  chloride  to  the  action  of  moist  air,  or  by 
the  evaporation  of  its  aqueous  solution.  This  hydrate  crystal- 
lises in  monoclinic  needles  which  melt  at  80°,  and  on  cooling 
again  solidify  to  a  crystalline  mass.  A  second  hydrate,  having 
the  composition  SnCl^.SHgO,  is  obtained  by  the  addition  of  a 
sufficient  quantity  of  water  to  the  anhydrous  chloride,  or  by  the 
gentle  evaporation  of  the  aqueous  solution.  It  is  deposited  in 
opaque,  acute,  monoclinic  prisms,  which  melt  at  a  low  tempera- 
ture and  again  solidify  to  a  crystalline  mass.  Lastly,  large  trans- 
parent, monoclinic  crystals  of  the  hydrate  SnClj.SH^O  are 
deposited  in  the  cold  from  a  dilute  solution.  On  boiling  a  dilute 
aqueous  solution  oftin  tetrachloride,  stannic  hydroxide  is  formed, 
and  in  very  dilute  solutions  this  precipitate  forms  spontaneously 
on  standing. 

Tin  tetrachloride  is  employed  by  the  dyer  as  a  valuable  mor- 
dant. Drebbel  in  Holland  is  said  to  have  made  the  discovery 
that  by  help  of  this  salt  a  permanent  red  dye  can  be  obtained 
from  cochineal.  The  dyers  were  formerly  in  the  habit  of  pre- 
paring this  mordant,  known  by  the  old  names  of  tin-composition, 
physic,  or  dyer's  spirits,  by  dissolving  tin,  together  with  sal- 
ammoniac  or  common  salt,  in  nitric  acid,  or  by  dissolving  tin 
in  aqua  regia,  whence  the  solution  was  formerly  termed  nitro- 
muriate  of  tin.  It  is  usual  now  for  the  dyers  to  employ  the 
crystalline  pentahydrate,  SnCl^.SHjO,  which  is  a  commercial 
product  kiiown  as  oxymuriate  of  tin.  It  is  also  largely  em- 
ployed for  weighting  silk. 

Anhydrous  stannic  chloride  combines  with  ammonia  to  form 
a  solid  mass  having  the  composition  SnCl4(NH3)4,  which  can 
be  sublimed  and  is  soluble  in  water  without  decomposition.^ 
It  can  be  obtained  in  crystals  by  evaporating  the  aqueous  solu- 
tion over  sulphuric  acid,  but  if  it  be  allowed  to  stand  for  some 
days,  or  if  the  liquid  be  warmed,  stannic  hydroxide  separates 
out  in  a  gelatinous  form.  Tin  tetrachloride  combines  also  with 
many  other  chlorides  to  forms  crystalline  compounds,^  such  as 

1  Persoz,  Ann.  Chim.  Phys.,  1830,  44,  322. 

2  H.  Rose,  Pogg.  Ann.,  1837,  42,  517. 
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SnCl4,2SCl4.  This  is  obtained  by  the  action  of  chlorine  on 
tin  disulphide,  and  forms  large,  yellow  crystals,  which  melt 
at  a  summer  temperature,  and  decompose  above  40°,  with 
evolution  of  chlorine.  If  dry  nitrous  fumes  are  led  into  a 
solution  of  stannic  chloride,  the  compound  SnCl^.NgOj  is 
deposited  as  a  yellow,  amorphous  mass,  and  if  this  be  sublimed 
or  if  the  dry  vapours  from  aqua  regia  be  passed  into  the  chloride, 
the  compound  SnCl4,2NOCl  is  produced,  which  crystallises  in 
bright  shining  octahedra.  If  a  solution  of  stannic  chloride  in 
chloroform  be  used,  a  white  precipitate  of  SnOCl2,3SnCl4,N205 
is  obtained  and  this  on  heating  yields  a  white  sublimate  of 
SnCl4,4NOCl.^  Stannic  chloride  also  combines  with  phosphorus 
pentachloride  to  form  the  compound  SnCl^jPClj,  which 
sublimes  in  glistening,  colourless  crystals,  but  when  kept  even 
in  closed  vessels  falls  to  an  amorphous  powder.  It  has 
a  peculiar,  extremely  pungent  smell,  and  fumes  strongly  in  the 
air.  The  compound  SnCl4,POCl3  forms  crystals  which  melt  at 
58°,  and  can  be  distilled  at  180°  without  decomposition.  This 
compound  fumes  strongly  in  the  air,  and  is  at  once  decomposed 
by  contact  with  water.^ 

Like  the  fluoride,  stannic  chloride  readily  yields  a  series  of 
double  salts  known  as  the  stannichlorides,  which  present  a 
similarity  to  the  platinichlorides,  but  are  less  stable  than  the 
latter  salts.^  The  free  acid,  HgSnClg,  is  obtained  in  thin  plates 
containing  GH^O  by  saturating  the  pentahydrate,  SnCl4,5H20, 
with  hydrochloric  acid  gas  at  28°  and  cooling  the  resulting 
liquid  to  0°.* 

Ammonium  Stannichloride,  (NH4)2SnClg,  separates  as  a 
crystalline  powder  when  solutions  of  the  two  salts  are  mixed, 
and  crystallises  from  dilute  solution  in  small  regular  octahedra. 
It  dissolves  at  the  ordinary  temperature  in  3  parts  of  water. 
Its  concentrated  solution  can  be  boiled  without  decomposition, 
but  when  diluted  tin  hydroxide  separates  out.  It  was  formerly 
much  used  by  the  calico-printer  under  the  name  of  pinh  salt, 
from  its  power  of  acting  as  a  mordant  for  madder-red  colours, 
but  its  use  has  been  almost  entirely  superseded  by  the  crystalline 
pentahydrated  stannic  chloride. 

'  Thomas,  Gompt.  rend.,  1896,  122,  32. 

^  Casselmanii,  Annalen,  1852,  83,  257. 

3  von  Biron,  J.  Rms.  Phys.  Chem.  Soc,  1904,  31,  489  ;  Belliiooi  and 
Parravano,  Atti  E.  Accad.  Lincei,  1904,  [4],  13,  ii.,  307;  von  Biron,  /.  Buss. 
Phys.  Chem.  Soc,  1905,  37,  963,  994,  1036. 

*  Engel,  Oompt.  rend.,  1886,  103,  213;  Seubert,  Ber.,  1887,  20,  793, 
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Tin  Tetrabromide  or  Stannic  Bromide,  SnBr^. — Tin  and 
bromine  unite  together  with  evolution  of  light  and  heat.  The 
bromide  is  best  prepared  by  adding  bromine  very  slowly  to  strips 
of  tin,  the  temperature  being  kept  between  35°  and  59°.^  It  is  a 
white,  crystalline  mass,  which  fumes  strongly  on  exposure  to  air 
and  is  easily  soluble  in  water.  It  melts  at  33°  and  boils  at  201°. 
The  specific  gravity  of  the  liquid  is  3'349  at  35°,  and  its  vapour 
density  is  7'92.^  It  is  easily  soluble  in  cold  water,  forming  a 
colourless  liquid  from  which  the  hydroxide  is  deposited  slowly 
on  standing  at  the  ordinary  temperature  and  quickly  on 
boiling.  It  yields  crystalline  siannihromides  with  the  alkali 
bromides. 

Tin  2'etraiodide,  Snl^. — When  tin  and  iodine  are  heated 
together,  combination  commences  at  50°,  and  at  a  higher  tem- 
perature heat  and  light  are  emitted.  In  order  to  prepare  this 
compound,  tin  filings  are  first  moistened  with  carbon  disulphide, 
and  then  iodine  is  gradually  added.  It  crystallises  in  red  octa- 
hedra,  melting  at  146°  and  having  a  specific  gravity  of  4696. 
Tin  tetraiodide  boils  at  295°,  but  sublimes  at  as  low  a  tempera- 
ture as  180°  in  yellowish-red  needles,  very  similar  in  form 
to  those  of  ammonium  chloride.  It  is  soluble  in  carbon 
disulphide,  absolute  alcohol,  ether,  chloroform,  and  benzene, 
and  is  decomposed  by  water  into  hydriodic  acid  and  stannic 
oxide. 

If  ammonia  be  led  into  a  solution  of  tin  tetraiodide  in  carbon 
disulphide,  and  at  the  same  time  the  solvent  be  allowed  to 
evaporate,  a  white  substance,  Snl^.SNHg,  is  formed.  This  same 
compound  may  also  be  formed  by  passing  ammonia  over  the 
tetraiodide.^ 

Mixed  Halogen  Compounds  of  Tin. — Three  stannic  chloro- 
bromides  were  thought  by  Besson  to  have  been  formed  by  the 
action  of  hydrogen  bromide  on  stannic  chloride,  or  of  bromine 
on  stannous  chloride,  whilst  the  action  of  iodine  on  stannous 
chloride  was  thought  by  Lenormand  to  yield  the  stannic  chloro- 
iodides,  and  on  stannous  bromide  the  stannic  bromoiodides. 
These  are  fuming  liquids  or  crystalline  solids,  and  are  decom- 
posed by  water  with  formation  of  stannic  hydroxide.  A 
list  of  these  supposed  compounds  is  given  in  the  annexed 
table : 

1  Lorenz,  Zeit.  anorg.  Chem.,  1895,  9,  365. 

2  Carnelley  and  O'Shea,  Journ.  Ohem.  Soc,  1878,  33,  55. 

3  Ephraim  and  Schmidt,  Ber.,  1909,  42,  3856. 
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Formula. 

Melting  point. 

Boiling  point. 

Specific  gravity. 

'SiiCljBr     .           .    . 

-31° 

About  50°  at  30  mm. 

2-51  at  13° 

1  SnCl2Br2 

-20° 

About  65°  at  30  mm. 

2-82  at  13° 

1  SnClBr,     .... 

1° 

About  75°  at  30  mm. 

3  12  at  13° 

^SnCljI   . 

— 

— 

— 

2  SnCljIj  . 

— 

About  191° 

3-287  at  15° 

2  SnClIj 

, 

— 



''SnBrsl  . 

— 

230-250° 



2  SnErJa 

54° 

225° 

3-631  at  15° 

»  SnBrls 

— 

— 

— 

Auger,^  however,  has  examined  the  freezing  points  of  mixtures 
of  SnBr^  and  Snl^,  and  has  found  that  they  give  a  normal 
freezing  point  curve,  with  a  eutectic  at  the  composition 
SnBrg.alo.g. 

The  supposed  compound  SnBralg,  melting  at  54°,  is  identical 
with  an  equiraolecular  mixture  of  SnBr^  and  Snl^,  and  may  be 
separated  by  a  series  of  ten  fractional  crystallisations  into 
fractions  melting  at  88°  and  27°,  of  compositions  SnBrj.jIj.g 
and  SnBr2.7li.3  respectively. 

It  is  quite  possible  that  the  same  conditions  obtain  in  the 
case  of  the  other  supposed  mixed  halogen  compounds  of  tin. 

Tin  Bisidphide  or  Stannic  Sulphide,  SnSg. — This  compound, 
crystallising  in  six-sided  tablets  or  in  gold-coloured,  translucent 
scales  having  a  specific  gravity  of  4-425,  is  used  as  a  bronze 
powder  for  the  purpose  of  bronzing  articles  of  gypsum,  wood, 
&c.,  and  is  known  in  commerce  as  mosaic  gold.  The  discovery 
of  this  compound  is  usually  ascribed  to  Kunkel.  He  does 
indeed  speak  of  a  sublimation  of  sulphide  of  tin  and  sal- 
ammoniac,  but  expresses  himself  so  vaguely  that  it  is  impossible 
to  recognise  this  compound  from  his  description.  It  was  well 
known  in  the  eighteenth  century  under  the  names  of  mosaic 
gold,  auriom  mosaicum,  or  musivit^m.  It  was  then  prepared  as 
it  is  at  the  present  day  by  subliming  a  mixture  of  tin  amalgam, 
sulphur,  and  ammonium  chloride,  and  as  it  was  supposed  to 
contain  mercury  it  was  often  employed  as  a  mercurial  medicine. 
Peter  Woulfe  in  1771  showed  that  it  did  not  contain  mercury, 
and  described  other  methods  for  its  production,  according  to 
which  it  is  still  prepared.  Thus,  for  instance,  it  is  obtained 
in  the  form  of  a  fine  pigment  by  heating  18  parts  of  tin 
'  Besson,  Compt.  rend.,  1897,  124,  683. 

2  Lenormand,  J.  Pharm.,  1898,  [6],  8,  249  ;  1899,  [6],  10,  114. 

3  Oompt.  rend.,  1909,  149,  860. 
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amalgam,  containing  6  parts  of  mercury,  with  6  parts  of 
ammonium  chloride  and  7  parts  of  sulphur,  when  ammonium 
chloride,  mercuric  chloride,  and  stannous  chloride  sublime,  and 
stannic  sulphide  remains  behind  in  the  form  of  golden-yellow 
scales.  It  is  likewise  prepared  by  heating  tin  monosulphide 
with  8  parts  of  mercuric  chloride,  or  subliming  tin  filings  with 
ammonium  chloride  and  sulphur,  and  according  to  several  other 
receipts  given  by  Woulfe.^  Pelletier  believed  mosaic  gold  to  be 
a  compound  of  sulphur  with  the  highest  oxidation  product  of 
tin,  and  Proust,  who  found  that  it  could  be  obtained  by  heating 
stannous  chloride  or  tin  monoxide  with  sulphur,  supposed  it  to 
be  a  compound  of  tin,  sulphur,  and  a  small  quantity  of  oxygen. 
The  exact  composition  was  ascertained  by  J.  Davy  and  Berzelius 
in  the  year  1812.  The  formation  of  mosaic  gold  from  tin, 
sulphur,  and  ammonium  chloride  appears  to  take  place  accord- 
ing to  the  following  equations  (Gmelin) : 

(I.)  Sn  +  4NH,C1  =  (NH,Cl)2SnCl2  -|-  H^  -f-  2NH3 

(II.)  2(NH,Cl).,SnCl2+S2=  SnS,-|-2NH,CH-(NH,Cl)2SnCl,. 

When  heated,  a  portion  sublimes  without  decomposition,  but  the 
greater  part  is  resolved  into  sulphur  and  monosulphide.  It  is 
not  attacked  by  hydrochloric  or  nitric  acid,  but  readily  dissolves 
in  aqua  regia,  as  well  as  in  caustic  potash,  when  potassium 
stannate  and  potassium  thiostannate  are  formed.  If  sulphuretted 
hydrogen  be  led  into  a  solution  of  the  tetrachloride  a  yellow 
precipitate  is  obtained.  This  consists  of  a  mixture  of  tin  disul- 
phide  and  tin  dioxide,  and  is  readily  soluble  in  the  sulphides  of 
the  alkali  metals,  when  the  thiostannates  are  formed. 

Thiostannic  Acid. — When  dilute  hydrochloric  acid  is  added 
to  a  solution  of  thiostannate,  a  yellow  precipitate  is  obtained, 
which  on  drying  forms  an  almost  black  powder  possessing  a 
brown  streak  and  wax-like  lustre,  and  having  the  composition 
HjSnSg.  When  heated  in  absence  of  air  it  yields  the  golden- 
yellow  disulphide.^ 

Potassium  Thiostannate,  K^SnSg.SHgO,  is  prepared  by  boiling 
a  concentrated  solution  of  potassium  sulphide  with  the  necessary 
quantities  of  sulphur  and  tin ;  it  crystallises  in  colourless 
prisms.  By  a  similar  process  the  sodium  salt,  Na2SnS3,2H20, 
is  obtained  in  yellow,  vitreous,  regular  octahedra.^  When 
sodium     sulphide     is     fused     with     tin     monosulphide     and 

1  Phil.  Trans.,  1771,  61,  114.  ^  Kuhn,  Annalen,  1852,  84,  110. 

^  Ditte,  Compt.  rend.,  1882,  95,  641. 
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sulphur,  a  black,  crystalliue  mass  is  obtained,  yielding  a  dark- 
coloured  solution,  which  on  concentration  at  a  low  temperature 
yields  colourless  crystals  resembling  gypsum,  and  having  the 
formula  Na^SnS„12H20. 

Ammonium  thiostannate  is  formed  by  dissolving  the  sulphides 
in  yellow  ammonium  sulphide,  and  may  be  precipitated  by 
alcohol  in  unstable  yellow  tablets  of  the  composition  ^ 
(NHj2SnS3,3H20. 

When  mosaic  gold  is  fused  with  iodine  in  absence  of  air,  a 
crystalline  mass  of  SnS2l4  is  obtained,  and  this  can  be  sublimed, 
or  recrystallised  from  solution  in  carbon  disulphide.  It  is  decom- 
posed by  water  into  stannic  oxide,  sulphur,  and  hydriodic  acid. 

Stannic  Oxysulphide,  SngOSg.llHgO. — This  compound  is 
obtained  by  allowing  precipitated  stannic  sulphide  to  remain  in 
contact  with  ammonia,  filtering  and  acidifying  the  filtrate,  or 
by  digesting  the  sulphide  with  ammonium  carbonate  and  acidi- 
fying the  filtered  solution.  It  is  a  white  mass  which  is  soluble 
in  ammonia  and  gradually  becomes  yellow  on  keeping.^ 

Stannic  Sulphate,  Sn(S04)2. — As  already  mentioned,  tin 
dioxide  dissolves  in  concentrated  sulphuric  acid,  and  from  the 
solution  two  crystalline  bodies  may  be  obtained  having  the 
empirical  formulae  Sn02,2H2S04  and  SnOgjHgSO^,  which  may 
be  regarded  as  the  normal  sulphate,  Sn(S04)2,2H20,  and  the 
basic  sulphate,  Sn(SOj2.Sn02,2H20.  Both  of  these  are  de- 
composed by  water  with  separation  of  stannic  oxide. 

On  mixing  solutions  of  stannic  acid  in  sulphuric  acid,  and 
calcium  sulphate  in  sulphuric  acid,  and  concentrating,  regularly 
formed,  colourless  cubes  are  obtained  of  Sn(SOj2>CaS04,3H20 ; 
similar  salts  are  obtained  with  barium,  strontium  and  lead 
sulphates.^ 

Stannic  Nitrate,  ^nQilO^^,  is  obtained  as  a  white  powder 
by  the  action  of  70  per  cent,  nitric  acid  on  tin,  but  must  be 
quickly  removed,  as  it  is  rapidly  converted  into  the  hydrated 
dioxide.  It  is  a  white  substance  which  is  stable  in  presence 
of  concentrated  nitric  acid  at  90°,  but  is  immediately  decom- 
posed at  100°.*  It  dissolves  in  water,  but  the  solution  is  almost 
immediately  decomposed  with  separation  of  hydrated  stannic 
oxide. 

1  Stanek,  Zdt.  anorg.  Chem.,  1898,  17,  117. 

'^  Sehmidl,  Ber.,  1894,  27,  2739  ;  see  also  Ohem.  Centr.,  1907,  i.,  397. 
"  Weinlarid  and  Kiilil,  Ber.,  1906,  39,  2951  ;  see  aXao  Zdt.  anorg.  Chem., 
1907,  54,  259. 
«  Montemartini,  Gazz.,  1892,  22,  384. 
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Tin  and  Fhosphorus. — When  finely-divided  tin  is  heated  in 
the  vapour  of  phosphorus,  a  silver-white,  very  brittle  mass, 
having  the  composition  SnP,  is  obtained.  This  has  a  specific 
gravity  of  6'56,  and  dissolves  readily  in  hydrochloric  acid,  but  is 
not  attacked  by  nitric  acid.  When  phosphorus  is  thrown  on  to 
the  surface  of  molten  tin,  combination  also  takes  place.  The 
compound  containing  the  largest  quantity  of  phosphorus  which 
can  thus  be  obtained  has  a  silver-white  colour,  is  not  very 
brittle,  and  may  be  cut  with  a  knife  ;  it  appears  to  possess  the 
composition  SngPg  (Pelletier).^  If  spongy  tin,  obtained  by 
precipitating  a  tin  salt  with  zinc,  be  brought  into  contact  with 
such  a  quantity  of  phosphorus  that  one  atom  of  the  latter  be 
present  to  nine  atoms  of  the  metal,  a  phosphide  having  the 
composition  SngP  is  obtained.  The  same  compound  is  formed 
whenever  any  of  the  other  phosphides  containing  more  phos- 
phorus is  heated.  This  is  a  coarse,  crystalline  mass,  which  has 
the  appearance  of  cast  zinc.  It  melts  at  370°,  and  is  used  for 
the  preparation  of  phosphor-bronze. 

Stannic  Pyrophosphate  is  obtained  by  the  action  of  phosphoric 
acid  on  stannic  acid,  and  is  insoluble  in  water  and  in  nitric  acid. 
This  reaction  is  employed  for  the  separation  of  phosphoric  acid 
from  other  bodies.  For  this  purpose  a  known  quantity  of 
tin  foil  is  added  to  the  nitric  acid  solution  of  the  body  under 
investigation,  when  the  whole  of  the  phosphoric  acid  remains 
behind  with  the  metastannic  acid. 

Detection  and  Estimation  of  Tin. 

400  When  a  small  quantity  of  a  tin  compound  is  held  in 
the  reducing  flame  on  charcoal,  a  malleable  bead  of  metal  is 
obtained,  which  easily  dissolves  in  hot  hydrochloric  acid.  This 
solution  gives  with  a  small  quantity  of  mercuric  chloride  a 
white  precipitate  which  becomes  grey  on  boiling  : 

(I.)  SnCl2+2HgCl2  =  SnCl,-l-Hg2Cl2 
(II.)  SnCl2-l-Hg2Cl2  =  SnCl,4-2Hg. 

If  one  of  the  metallic  globules  be  fused  in  a  borax  bead 
slightly  tinted  with  cupric  oxide  and  heated  in  the  reducing 
flame,  the  bead  will  become  of  a  red  tint,  due  to  the  formation 
of  cuprous  oxide. 

1  See  also   Stead,  /.    Soc.   Chem.   Ind.,   1897,  16,200,  309 ;   and  Jolibois, 
Oompt.  rend.,  1909,  148,  636. 
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Stannous  salts  yield  a  brown  precipitate  of  stannous  sulphide 
with  sulphuretted  hydrogen,  which  dissolves  in  ammonium 
sulphide  containing  polysulphides ;  the  solution,  on  addition 
of  an  acid,  deposits  stannic  sulphide.  Ammonia  and  caustic 
alkalis  give  a  white  precipitate  of  stannous  hydroxide, 
which  is  soluble  in  excess  of  the  latter  reagents.  Stannous 
chloride  gives  a  blue  coloration  with  ammonium  molybdate, 
and  in  this  way  1  part  of  tin  as  stannous  chloride  may  be 
detected  in  1,500,000  parts  of  solution.^ 

Stannic  salts  yield  a  yellow  precipitate  of  stannic  sulphide 
with  sulphuretted  hydrogen,  readily  soluble  in  ammonium 
sulphide,  and  alkalis  precipitate  stannic  hydroxide,  which 
dissolves  in  an  excess  of  the  precipitant. 

Zinc  precipitates  metallic  tin  from  solutions  of  the  tin  salts  in 
the  form  of  glistening  scales,  or  in  a  spongy  or  arborescent  mass. 
The  tin  salts  do  not  impart  any  colour  to  the  non-luminous 
gas-flame,  but  the  spark  spectrum  of  the  chloride  exhibits  two 
characteristic  lines  having  wave-lengths  of  4526  and  5631 
(Lecoq  de  Boisbaudran).  These  same  lines  are  seen  together 
with  others  in  the  spark  spectrum  of  the  metal,  the  most 
brilliant  of  the  tin  lines  being  as  follows  (Thalen) :  6452,  5798, 
5631,  5588,  5563,  4526. 

In  the  processes  of  qualitative  analysis  tin  is  obtained  together 
with  those  metals  which  are  precipitated  by  sulphuretted 
hydrogen  in  an  acid  solution.  To  separate  tin  from  these  the 
well- washed  precipitate  is  treated  with  yellow  ammonium 
sulphide,  filtered,  and  the  filtrate  acidified  with  cold  dilute 
hydrochloric  acid.  The  precipitate  may  contain,  beside  stannic 
sulphide,  the  sulphides  of  arsenic  and  antimony.  After  it  has 
been  well  washed  with  water,  it  is  digested  with  solid  ammonium 
carbonate  to  dissolve  the  sulphide  of  arsenic.  The  residue  is  then 
dissolved  in  concentrated  boiling  hydrochloric  acid,  the  solution 
boiled  with  metallic  copper,  and  the  liquid  tested  for  stannous 
chloride  with  mercuric  chloride  (see  also  under  antimony). 

Tin  may  be  estimated  as  the  oxide.  If  the  metal  or  one  of 
its  alloys  be  under  examination,  it  is  oxidised  with  pure, 
tolerably  strong  nitric  acid,  and  the  well-washed  residue 
ignited.  From  solution  it  is  precipitated  with  ammonia  as  the 
hydroxide,  but  if  it  be  present  in  the  form  of  stannous  salt  it 
must  be  first  oxidised  with  chlorine  or  hydrochloric  acid  and 

1  Longstafif,  Chem.  News,  1899,  80,282;  Rogers,  /.  Amer.  Chem.  Soc, 
1900,  22,  220. 
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potassium  chlorate.  The  precipitate  obtained  by  ammonia  is 
then  dissolved  in  the  smallest  quantity  of  hydrochloric  acid  and 
heated  with  a  concentrated  solution  of  sodium  sulphate,  when  the 
hydroxide  is  again  precipitated,  and  this  is  not  gelatinous,  and 
may  therefore  be  easily  washed  (Lowenthal).  When  tin  sulphide 
is  obtained  in  the  separation  of  tin  from  the  other  metals,  it 
can  be  gradually  converted  into  stannic  oxide  by  gentle  roast- 
ing and  subsequent  ignition. 

Tin  is  frequently  estimated  by  volumetric  methods,  the 
processes  depending  on  the  oxidation  of  stannous  chloride  to 
stannic  chloride  by  means  of  standard  solutions  of  ferric  chloride 
or  iodine. 

The  electrolytic  method  has  been  employed  for  estimating  tin 
as  the  metal,  the  process  being  carried  out  in  the  presence  of 
ammonium  oxalate  or  some  other  organic  salt.^  It  may  be 
deposited  also  from  solutions  in  ammonium  sulphide. 

Atomic  Weight  of  Tin. — The  early  determinations  of  the 
atomic  weight  of  tin  were  made  by  oxidising  the  metal  to  the 
dioxide,  but  the  numbers  obtained  varied  considerably.  Thus 
Berzelius^  found  the  number  117-65,  and  Mulder  and  Vlaan- 
deren^  116'3,  whilst  a  later  determination  by  the  last  named 
gave  the  higher  value  11816.  Dumas  *  by  the  same  method 
obtained  the  number  118-06.  The  most  reliable  determination 
is,  however,  that  of  Bongartz  and  Classen,^  who  employed  four 
different  methods,  namely,  the  oxidation  of  pure  tin  with 
nitric  acid,  and  the  electrolysis  of  potassium  stannichloride, 
ammonium  stannichloride,  and  stannic  bromide.  The  average 
of  the  most  trustworthy  experiments  gave  the  number  119-0, 
which  is  now  (1913)  adopted. 


LEAD. 

Pb  (Plumbum)  =  207-10. 

401  The  first  mention  of  lead  occurs  in  the  well-known  passage 
in  the  Book  of  Job,  Chap.  XIX,  and  it  is  mentioned  also  in  the 
Book  of  Numbers,  Chap.  XXXI,  as  a  portion  of  the  spoil  taken 
from  the  Midianites.     It  is  found  under  the  name  of  dph^ret, 

1  Engels,  Ber.,   1895,  28,  3182;  HoUard,  Compt.  rend.,  1897,  124,  1451  ; 
Fischer,  Ber  ,  1903,  36,  2348 ;  &c. 

2  Pogg.  Ann.,  1826,  8,  177.  '  J-  V^-  CUm.,  1849,  49,  35. 
t  Ann.  CUm.  Pharm.,  1860,  113,  26.       '  Ber.,  1888,  21,  2900. 
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derived  from  the  word  dphar,  signifying  to  have  a  grey  appear- 
ance. In  the  oldest  Greek  translations  of  the  Old  Testament 
the  word  /ioXt/3o9  occurs,  and  this  as  well  as  the  word  /ioA,i//8So9 
undoubtedly  refers  to  lead.  It  appears  that  no  exact  distinction 
was  drawn  between  the  metals  lead  and  tin  during  the  time  of 
the  Israelites,  but  we  find  that  Pliny  points  out  a  distinction 
between  these  two  metals,  inasmuch  as  he  gives  the  name  of 
plumbum  nigrum  to  lead,  whilst  tin  is  designated  as  plumhum 
candidum  (p.  842).  Lead  was  known  to  the  ancient  Egyptians, 
as  lead  plates  have  been  found  in  the  Temple  of  Kameses  III. 

It  has  already  been  stated  that  the  seven  metals  known  to 
the  ancients  were  supposed  to  be  in  some  way  connected  with 
the  seven  heavenly  bodies  which  were  then  known  to  belong  to 
our  solar  system.  Dull,  heavy  lead  was  apportioned  to  Saturn, 
and  this  metal  is  designated  in  the  writings  of  the  alchemists 
by  the  sign  h. 

Lead  is  seldom  found  in  the  free  state  in  nature.  Native  lead 
does,  however,  occur  in  small  quantities  in  certain  lead  ores,  and 
in  volcanic  tufa.  The  oxides  of  lead  are  found  in  the  form  of  rare 
minerals,  the  yellow  oxide,  PbO,  and  the  red  oxide  or  red  lead, 
PbgO^.  The  commonest  ore  of  lead  is  galena  or  lead  sulphide, 
PbS ;  this  is  very  widely  distributed,  generally  occurring  to- 
gether with  quartz,  calc-spar,  fluor-spar,  and  heavy-spar,  in  the 
older  as  well  as  in  the  more  recent  strata,  and  in  almost  every 
part  of  the  world.  Thus  in  Cornwall  it  occurs  in  veins  in 
the  coarse  argillaceous  schist,  provincially  termed  killas ;  in 
Derbyshire,  Cumberland,  Northumberland,  and  Yorkshire,  it 
is  found  in  mountain  limestone ;  in  Cardiganshire  and  Mont- 
gomeryshire it  occurs  in  the  Lower  Silurian;  and  the  chief 
deposits  in  the  United  States  likewise  occur  in  this  same 
formation.  Again,  at  Sala  in  Sweden,  it  is  found  in  granular 
limestone,  and  in  Freiberg  in  a  schistose  gneiss,  older  than 
the  carboniferous  system.  Sulphide  of  lead  also  occurs  in 
combination  with  the  sulphides  of  antimony  and  copper  in 
the  minerals  zinckenite,  PbSbgS^,  and  bournonite,  CuPbSbSj. 
In  addition  to  these  ores,  lead  carbonate  occurs  as  the  mineral 
cerussite,  PbCOg,  found  in  some  localities,  as  in  the  neighbour- 
hood of  Aix-la-Chapelle  and  of  Santander  in  Spain,  in  sufficient 
quantity  to  be  worked.  It  is  also  found  in  the  lead  mines  of 
Cornwall  and  Devonshire,  in  Yorkshire,  at  Leadhills  in 
Scotland,  and  at  Seven  Churches  in  County  Wicklow.  Other 
naturally  occurring  compounds  of  lead  are  the  basic  chloride, 
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occurring  as  the  minerals  matlockite,  Pb^ClgO,  and  mendipite, 
Pb3Cl202,  and  the  sulphate  of  lead  or  anglesite,  PbSO^,  found 
associated  with  galena  and  carbonate  of  lead  at  Leadhills 
and  in  other  localities.  Again,  we  have  a  basic  sulphate  called 
lanarkite,  PbO,PbSO^;leadhillite,  PbSO^.SPbCOg ;  phosgenite, 
PbCljjPbCOg;  stolzite  or  lead  tungstate,  PbWO^;  wulfenite 
or  lead  molybdate,  PbMoO^;  crocoisite  or  lead  chromate,  PbCrO^ ; 
pyromorphite  or  lead  phosphato-chloride,  SPbgPgOg.PbClj ; 
mimetesite  or  lead  chloro-arsenate,  SPbgAsgOgjPbClg ;  as  well 
as  compounds  of  lead  with  the  rarer  elements,  such  as 
selenium,  tellurium,  selenic  acid,  vanadic  acid,  &c. 

By  far  the  greater  quantity  of  the  total  lead  brought  into 
the  markets  of  the  world  is  derived  from  galena. 

402  Smelting  of  Lead. — Lead  is  an  easily  reducible  metal 
requiring  but  simple  processes  for  its  production,  and  it  was 
produced  in  England  during  the  Roman  occupation  in  a  variety 
of  localities.  Numerous  pigs  of  Roman  lead  have  been  found 
bearing  Latin  inscriptions.  Whether  lead  was  reduced  in 
England  before  this  period  appears  doubtful ;  the  remains  of 
rude  furnaces  in  which  lead  ore  was  smelted  in  early  times 
are,  however,  found  in  Derbyshire  and  elsewhere,  and  are 
termed  holes  by  the  inhabitants.  In  these  furnaces  the  heat 
was  not  urged  by  an  artificial  blast  of  air,  but  piles  of  stone 
were  built  on  the  western  brow  of  some  eminence  so  as  to 
employ  the  natural  currents  of  air  on  mountainous  places.  A 
mixture  of  ore  and  charcoal  was  introduced  into  the  interior  of 
these  furnaces,  the  lead  being  run  out  at  the  bottom  after  the 
operation. 

The  form  of  furnace  next  employed  was  the  ore-hearth,  a  small, 
rectangular  blast-furnace  blown  by  bellows  worked  by  means  of 
a  water  wheel.^     This  furnace  is  still  in  use  in  certain  localities. 

About  the  middle  of  the  eighteenth  century  lead  smelting  in 
reverberatory  furnaces  appears  to  have  been  introduced  into 
England  from  Flintshire,  where  it  was  in  use  in  the  year  1698. 

Three  distinct  processes  are  employed  for  lead  smelting.  The 
first  of  these,  known  as  the  air  reduction  jprocess  (Percy),  is 
employed  when  the  ore  consists  mainly  of  galena,  and  is  free 
from  silica  and  the  sulphides  of  other  metals.     The  second,  or 

1  See  H.  L.  Pattinson,  "Description  of  Lead- Smelting  in  the  North  of 
England."  Transactions  of  the  Natural  History  Society  of  Northumberland, 
Durham,  and  Newcastle-on-Tyne,  vol.  2,  part  i.  ;  also  J.  J.  Brown,  jun.,  "  Lead 
Smelting  in  the  Ore-Hearth,"  Trans.  Am.  Inst.  Min.  Eng.,  1911,  42,  402. 
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carhon  reduction  process,  is  employed  for  less  pure  ores  and 
consists  in  the  roasting  of  the  ore  and  the  subsequent  reduction 
of  the  lead  oxide  by  carbonaceous  matter.  The  third  process  is 
known  as  the  precipitation  process,  the  reduction  of  the  lead  being 
effected  by  metallic  iron ;  this  is  chiefly  practised  in  France, 
Germany,  Spain,  and  North  America,  where  the  ore  contains 
other  metals,  such  as  copper,  antimony,  and  arsenic.  It  is 
however,  to  be  remembered  that  two  or  even  three  of  the  above 
processes  are  often  worked  in  the  same  furnace  with  the  same 
charge  of  ore. 

In  the  air  reduction,  process  the  galena  is  roasted  in  a  re- 
verberatory  furnace  until  a  portion  of  the  sulphide  is  converted 
into  oxide  and  sulphate ;  the  temperature  is  then  raised,  when 
metallic  lead  is  formed  together  with  sulphur  dioxide.  The 
following  reactions  are  usually  given  as  representing  the  inter- 
action of  the  unaltered  lead  sulphide  with  the  oxide  and 
sulphate : 

2PbO  +  PbS  =  3Pb  +  SOg. 
PbSO,  +  PbS  =  2Pb  +  2SO2. 

In  presence  of  an  excess  of  sulphur  dioxide,  however,  lead  is 
partially  reconverted  into  sulphide  and  sulphate  :  ^ 

2Pb  +  2SO2  =  PbS  +  PbSO,. 

The  reverberatory  furnaces  used  for  the  English  process  of 
lead  smelting  are  of  two  kinds,  the  Flintshire  furnace  and  the 
flowing  furnace.  The  difference  between  these  is  that  in  the 
first  the  slag  is  raked  out  in  pasty  lumps,  whereas  in  the  flow- 
ing furnace  the  slag  is  tapped  out  in  the  molten  state  and 
termed  run-slag.  The  reaction  which  takes  place  during 
reduction  is  identical  in  both  cases. 

Fig.  182  shows  the  construction  of  the  Flintshire  furnace.  The 
usual  charge  of  ore  is  20  cwt.  This  is  introduced  by  means  of 
a  hopper  (T)  in  the  arch  of  the  furnace.  The  hearth  of  the 
furnace  (B)  is  hollowed  out  as  shown  in  the  figure  to  permit 
the  lead  to  flow  through  a  tapping  hole  into  an  iron  pot  placed 
in  front  of  the  furnace.  The  charge  is  evenly  spread  over  the 
surface  and  gently  heated,  the  ore  being  well  rabbled  at 
intervals,  and  the  temperature  carefully  regulated  by  open- 
ing or  closing  the  various  doors,  so  as  to  maintain  the  mass 
as  hot.  as  is  possible  without  causing  it  to  clot  together ;  a  por- 

^  Jenkins  and  Smith,  Proc.  Ghem.  Soc,  1897,  13,  104;  Schenck  and 
Raasbaoh,  Bcr.,  1907,  40,  2185,  2947. 
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tion  of  the  sulphide  is  oxidised  to  oxide  and  sulphate,  and  the 
mass  thus  prepared  for  the  following  stage  of  the  operation. 
During  this  part  of  the  process  the  skimmings  from  the  lead 
run  off  from  the  previous  operation,  which  consist  chiefly  of 
lead  containing  a  little  sulphide,  are  added,  and  are  quickly 
acted  on  by  the  lead  oxide  and  sulphate  with  formation  of 
metallic  lead,  which  is  run  off  from  the  tap-hole  and  contains 
more  silver  than  the  subsequent  portions  of  the  metal.  After 
about  two  hours  the  temperature  is  raised  to  a  bright  red 
heat,  the  metal  being  formed  in  quantity,  whilst  from  time 
to  time,  in  addition  to  stirring  the  mass,  a  small  quantity  of 
lime  is  added  to  stiffen  the  unreduced  portion.  This  part  of 
the  process  extends  over  an  hour,  and  then  for  three-quarters 
of  an  hour  the  temperature  is  further  raised  and  an  additional 


Fig.  182. 


small  quantity  of  lime  added,  which  besides  lessening  the 
fusibility  of  the  mass  also  liberates  any  lead  oxide,  which  may 
have  combined  with  the  silica,  and  allows  it  to  be  reduced 
by  the  lead  sulphide.  Finally,  the  furnace  is  raised  for  three- 
quarters  of  an  hour  to  the  highest  attainable  temperature  and 
a  sufficient  quantity  of  lime  added  partially  to  solidify  the 
slag,  which  is  raked  out,  and  the  lead  run  off  from  the  tap-hole 
in  the  usual  manner. 

The  grey  slag  obtained  may  contain  as  much  as  40  per  cent,  of 
lead,  and  is  further  worked  up  in  the  slag-hearth,  which  is  a 
small  shaft  furnace,  or  may  be  mixed  in  with  the  charge  for  the 
larger  blast  furnaces. 

Reduction  of  Lead  in  Blast  Piirnaces. — This  is  the  method  now 
most  generally  adopted,  as  it  is  suitable  for  any  class  of  ore  and 
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the  percentage  of  lead  may  be  much  lower  than  that  necessary 
for  the  other  methods,  whilst  the  presence  of  silica  to  a  certain 
extent  is  not  disadvantageous.  For  ores  such  as  those  which 
occur  in  the  Harz,  where  the  galena  is  mixed  with  iron  and 
copper  pyrites,  zinc  blende,  fahl-ore,  bournonite,  and  zinckenite, 
the  blast  furnace  method  gives  the  best  results,  and  this  is 
suitable  also  for  the  reduction  of  the  oxides  or  carbonates  of 
lead.  The  process  for  sulphide  ores  consists  first  in  roasting 
to  get  rid  of  sulphur  and  then  smelting  the  roasted  ore  with 
fluxes  and  reducing  agents  in  the  blast  furnace.  The  roasting 
is  effected  in  heaps,  shaft  furnaces  or  reverberatory  furnaces, 
and  the  latter  may  be  worked  by  hand  or  mechanically. 

Several  new  methods  of  roasting  galena  have  been  introduced, 
in  which  the  ore  is  mixed  with  lime,  gypsum,  oxide  of  iron  or 
other  material,  damped  and  fed  on  to  a  small  fire  in  a  converter- 
shaped  vessel,  through  which  air  is  blown,'^  or  fed  on  to  some 
type  of  sintering  machine  such  as  is  used  in  the  various 
Dwight-Lloyd  ^  processes  for  down-draft  roasting.  The  chief 
advantage  of  these  processes  lies  in  the  fact  that  the  product 
obtained  is  very  suitable  for  blast-furnace  treatment,  but 
besides  this  the  cost  is  less,  the  losses  of  metal  are  less,  and  the 
production  of  fine  material  is  greatly  reduced. 

The  blast  furnace  mostly  used  for  lead  and  silver-lead  smelting 
is  rectangular  in  plan,  about  44  inches  wide  and  144  inches 
long  inside  at  the  tuyere  level.  Fig.  183  is  a  section  of  such  a 
furnace  which  comprises  a  crucible  portion  A,  a  shaft  B, 
extending  from  the  crucible  to  the  feed- floor  C,  and  a  stack 
from  the  feed-floor  upwards.  The  furnaces  are  water-jacketed 
about  the  lower  portion  or  bosh  of  the  shaft,  these  jackets 
being  made  of  cast  iron  or  of  steel,  and  through  them  water 
circulates  continually.  These  jackets  are  shown  at  D,  and 
through  the  side  jackets  the  tuyeres  E  pass  into  the  furnace. 
The  shaft  above  these  jackets  is  lined  with  fire-brick. 

An  Arents  syphon  tap  is  often  fitted  to  the  crucible  portion 
of  these  furnaces  for  continuously  drawing  off  the  lead.  When 
the  ores  contain  copper  the  roasting  is  not  carried  so  far,  a 
certain  amount  of  sulphur  being  left  in  the  ore  to  combine  with 
the  copper  for  the  formation  of  a  cupriferous  matte,  and  in  this 

1  Mineral  Industry,  1905,  14,  402  ;  see  also  "  Lead-Smelting  and  Refining," 
by  W.  R.  Ingall3,  published  by  the  Engineering  and  Mining  Journal,  1906  ; 
for  "The  Theory  of  Blast  Roasting  oi  Galena,"  see  Bannister,  Trans.  Inst. 
Min.  and  Met.,  1912,  21,  346. 

^  Report  of  Seventh  Internal.  Gong.  App.  Ohem.,  1909,  III,  A,  20. 
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case  a  cerbain  amount  of  unaltered  lead  sulphide  will  always  be 
present  in  the  matte.  The  furnace  charge  consists  of  a  mixture 
of  roasted  ore,  carbonaceous  fuel,  generally  coke  or  a  mixture 


Fig.  183. 


of  coke  and  charcoal,  old  slags  and  fluxes.  The  fluxes  most 
used  are  ferruginous  ores,  often  carrying  silver  or  gold,  which  is 
collected  partly  in  the  lead  and  partly  in  the  matte  if  this  be 
also  formed,  ferruginous  slags  containing  an  excess  of  ferrous 
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oxide,  and  sometimes  lime  or  limestone.  The  slag  should  con- 
tain between  30  and  35  per  cent,  of  ferrous  oxide,  between  10  and 
30  per  cent,  of  lime,  and  between  30  and  50  per  cent,  of  silica. 
The  lead  present  in  the  form  of  oxide  is  reduced  partly  by 
the  carbon  monoxide  in  the  gases  and  partly  by  solid  carbon; 
that  present  as  sulphide,  by  iron,  generally  formed  by  reduction 
of  the  oxide  of  iron  present  in  the  charge.  Any  silicate  present 
is  reduced  by  the  action  of  carbon  in  the  presence  of  ferrous 
oxide  or  lime,  and  any  lead  sulphate  present  is  reduced  by 
reaction  with  sulphide,  or  is  converted  into  sulphide  by  the 
action  of  carbon  and  this  sulphide  reduced  by  metallic 
iron. 

Softening  of  Lead. — The  lead  produced  in  these  processes  is 
hard,  owing  to  the  presence  of  small  quantities  of  antimony, 
arsenic,  copper,  zinc,  iron,  tin,  bismuth,  and  sulphur,  and  it  is 
necessary  to  remove  these  in  order  to  render  the  lead  marketable. 
Silver  is  also  generally  present  and  is  removed  by  special  pro- 
cesses, which  are  described  later,  and  which  enable  the  silver  to 
be  recovered.  It  is  also  necessary  to  remove  impurities  before 
desilverisation,  as  copper,  antimony  and  arsenic  interfere  with 
the  Pattinson  process,  and  these,  together  with  nickel  and  cobalt, 
interfere  with  Parkes'  process. 

For  the  purpose  of  removing  the  impurities,  the  lead  is 
melted  in  a  reverberatory  furnace  at  a  low  temperature.  Copper 
forms  an  alloy  with  some  of  the  lead  which  is  less  fusible  than 
lead  itself  and  this  separates  out  as  a  scum  on  the  molten  lead 
and  may  be  removed;  all  the  other  commonly  occurring  impurities 
except  bismuth  are  more  readily  oxidised  than  lead  and  are 
oxidised  in  the  furnace  together  with  a  portion  of  the  lead,  the 
mixed  oxides  forming  a  dross  on  the  surface  which  is-  removed 
from  time  to  time.  Bismuth  cannot  be  got  rid  of  in  this 
manner,  but  it  is  concentrated  with  the  silver  in  the  Pattinson 
process  for  desilverisation.  The  hearths  of  modern  reverberatory 
furnaces  for  the  softening  of  hard  lead  consist  of  wrought  iron 
pans  lined  with  two  thicknesses  of  firebrick  and  are  often 
water-jacketed  at  the  sides  to  diminish  the  corrosive  action  of 
the  oxides  formed  on  the  material  composing  the  hearth. 

Condensation  of  Lead  F^ime. — During  the  smelting  processes 
a,  large  amount  of  lead  fume  is  carried  away  in  suspension  in 
the  waste  gases  from  the  furnaces,  and  many  devices  have  been 
introduced  for  condensing  and  collecting  these  fumes,  for 
subsequent  treatment.     In  many  works  the  arrangement  con- 
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sists  merely  in  having  very  long  flues  between  the  furnaces  and 
the  chimney,  the  amount  of  condensation  depending  on  the 
length  of  the  flue.  In  other  works  more  complete  condensa- 
tion is  effected  by  arrangements  for  lowering  the  velocity  of  the 
gases,  by  first  passing  the  exit  gases  through  large  chambers 
containing  baffle  plates,  and  then  through  iron  flues  cooled  by 
the  air.  Other  methods  for  condensing  the  fume  consist  of 
using  a  water  spray  or  causing  the  gases  to  pass  through  layers 
of  water  on  their  way  to  the  chimney.  "  Bag  houses  "  are  largely 
used  for  the  condensation  of  lead  fume  ;  in  the  use  of  these,  the 
cooled  gases  are  forced  through  canvas  or  twill  bags  on  their 
way  to  the  chimney. 

403  Desilverisation. — Ordinary  lead  obtained  by  any  of  the 
above-mentioned  processes  always  contains  silver,  and  a  very 
considerable  proportion  of  the  silver  which  now  comes  into 
the  market  is  obtained  from  argentiferous  galena.  In  former 
times  the  only  process  by  which  this  silver  could  be  extracted 
was  cupellation,  by  which  the  whole  of  the  lead  is  oxidised, 
whilst  metallic  silver  remains  behind.  The  oxide  has  then 
to  be  again  reduced  to  metallic  lead.  It  is,  however,  generally 
admitted  that  the  process  of  cupellation  cannot  be  economically 
carried  on  in  the  case  of  lead  which  contains  less  than  150  oz.  of 
silver  to  the  ton,  and  consequently,  as  very  large  quantities  of 
lead  are  brought  into  the  market  containing  smaller  quantities 
than  this,  a  large  portion  of  this  silver  was  lost  until  Hugh 
Lee  Pattinson  in  the  year  1833  obtained  a  patent  for  an 
improved  method  of  separating  silver  from  lead,  which  soon 
came  into  general  use  and  by  which  large  quantities  of  silver  are 
now  extracted  from  lead. 

This  method  depends  upon  the  fact  that  if  lead  containing 
a  small  quantity  of  silver  be  melted,  and  the  melted  mass 
allowed  to  cool,  a  point  is  reached  at  which  pure  lead  begins 
to  crystallise  out.  If  the  crystals  of  lead  which  are  thus 
formed  be  then  withdrawn  from  the  remainder  of  the  metal, 
and  this  process  continued  until  the  greater  part  of  the  lead 
has  been  separated,  it  is  found  that  the  liquid  which  remains 
contains  most  of  the  silver.  In  order  to  render  this  process 
economical  the  lead  requires  to  be  repeatedly  crystallised  in  a 
series  of  iron  pots,  the  lead  rich  in  silver  gradually  accumu- 
lating towards  one  end  of  the  series,  whilst  the  desilverised  or 
market  lead  is  obtained  at  the  other  end. 

The  melted  lead  is  first  thoroughly  skimmed,  then  the  fire  is 
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withdrawn  and  the  lead  allowed  to  cool,  care  being  taken  to 
break  off  and  mix  with  the  liquid  mass  any  portion  that  may 
solidify  on  the  sides  of  the  pot.  When  the  temperature  reaches 
a  certain  point  small  crystals  of  lead  begin  to  form,  and  at  this 
point  the  whole  mass  of  metal  is  continually  stirred  with  an  iron 
rod,  whereby  the  crystals  sink  to  the  bottom  of  the  pot  and 
accumulate  in  considerable  quantity.  A  perforated  ladle  is  now 
introduced  by  means  of  which  the  crystals  are  removed.  The 
operation  is  thus  carried  on  in  successive  stages  until  two-thirds 
or  even  seven-eighths  of  the  original  lead  is  removed  from  the 
pot.  By  this  means  in  an  actual  working  846  cwt.  of  original 
lead  was  separated  into  36  cwt.  of  rich  lead  containing  160  to 
170  oz.  of  silver  per  ton,  and  810  cwt.  of  poor  lead  containing 
7  to  10  dwt.  of  silver  per  ton.  The  silver  is  then  extracted  from 
the  rich  lead  by  the  process  of  cupellation  (p.  446). 

A  modification  of  the  Pattinson  process,  known  as  the  Luce- 
Rozan  process,  is  now  frequently  adopted  in  place  of  the  original 
method.  For  this  only  two  pots  are  necessary,  viz.,  an  upper  or 
melting  pot,  and  a  lower  or  crystallising  pot.  The  former  holds 
about  7,  and  the  latter  about  21  tons. 

The  mode  of  working  the  plant  is  as  follows  ^ :  The  crys- 
tallising pot  may  be  supposed  to  contain  14  tons  of  lead 
crystals  from  a  previous  operation,  and  the  melting  pot  7  tons  of 
lead  of  similar  silver  content,  already  melted  ;  a  moderate  tire 
is  set  away  in  the  fire-grate  of  the  crystallising  pot,  and  the 
contents  of  the  melting  pot  skimmed  of  their  dross ;  the  hot 
lead  from  the  latter  is  then  run  on  the  warm  crystals  in  the 
crystallising  pot,  and  with  the  aid  of  the  moderate  fire  already 
referred  to,  the  whole  contents  of  this  pot  (now  21  tons)  are 
rapidly  melted  and  brought  into  a  working  condition,  when  the 
charge  is  carefully  skimmed ;  the  melting  pot  is  at  the  same 
time  charged  with  7  tons  of  lead  from  a  previous  operation 
containing  one  half  the  amount  of  silver  in  the  lead  then 
being  worked  up,  as  this  will  be  the  assay  of  the  crystals 
resulting  from  the  operation  about  to  be  performed  in  the 
crystallising  pot.  The  fire  under  the  latter  is  then  drawn,  and 
steam  at  fifty  to  fifty-five  pounds  pressure  per  square  inch 
admitted  and  distributed  evenly  by  means  of  a  bafile  plate. 
To  hasten  the  cooling  and  consequent  crystallisation,  thin 
streams  of  water  are  allowed  to  run  on  to  the  surface  of 
the  lead,  the  crystallisation  being  more  perfect  than  in  the  old 
1  Cookson,  Trans.  Newcastle  Chem.  Soc.,  1878. 
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Pattinson  process.  As  soon  as  two-thirds  of  the  lead  has 
crystallised  out,  the  rich  liquid  lead  is  tapped  off,  the  crystals 
being  retained  in  the  pot  by  means  of  perforated  plates.  The 
liquid  lead  is  run  into  moulds  and  awaits  its  turn  for  further 
treatment.  The  proportion  of  silver  in  the  crystals  is  thus 
reduced  to  one  half,  whilst  that  in  the  liquid  run  off  is  doubled, 
and  this  process  of  recrystallising  is  repeated  as  in  Pattinson's 
process,  until  the  crystals  are  sufficiently  poor  in  silver  not 
to  require  further  treatment,  and  the  rich  lead  is  worked  up  until 
its  silver  content  is  of  the  standard  fit  for  cupellation. 

This  process  has  the  advantage  over  that  of  Pattinson  that  a 
great  saving  is  effected  in  fuel  and  the  cost  of  labour,  and  also 
that,  except  in  the  case  of  very  hard  lead,  no  further  softening 
process  is  necessary.  The  original  outlay  and  expenses  for 
repairs  are,  however,  considerably  greater. 

Another  process  for  desilverising  lead  is  known  as  Parkes'  or 
Karsten's  zinc  process.  Molten  lead  and  zinc  do  not  mix  in  all 
proportions,  lead  being  capable  of  taking  only  1'6  per  cent,  of 
zinc,  whilst  zinc  takes  only  1'2  per  cent,  of  lead,  and  Karsten, 
in  1842,  concluded  from  experiments  which  he  made  on  the  sub- 
ject that  lead  gives  up  all  the  silver  which  it  contains  if  melted 
with  zinc,  but  he  did  not  apply  this  conclusion  to  practical 
metallurgy.  In  the  year  1850  Alexander  Parkes,  of  Birming- 
ham, patented  a  process  for  extracting  silver  from  lead  by  the 
above-mentioned  reaction.  For  a  ton  of  lead  containing  14  oz 
of  silver,  22'4  lbs.  of  zinc  are  needed  and  a  proportionate  amount 
if  more  silver  be  present.  The  alloy  of  zinc  and  silver  rises 
to  the  surface  during  cooling,  and  when  it  solidifies  it  is  with- 
drawn by  means  of  a  perforated  ladle.  In  order  to  remove 
the  small  quantity  of  zinc  which  is  dissolved  in  the  lead- 
the  mixture  is  heated  to  dull  redness  and  steam  blown  through, 
the  zinc  being  thereby  oxidised,  whilst  the  main  portion  of  the 
lead  remains  behind  in  the  marketable  state.  The  zinc-silver 
alloy  is  first  heated  to  a  temperature  slightly  above  the  melting 
point  of  lead  to  liquate  as  much  of  the  latter  as  possible,  and 
the  residue  is  heated  with  carbon  in  a  crucible  retort,  whereby 
the  zinc  is  distilled  off  and  collected,  the  residual  rich  silver- 
lead  alloy  being  cupelled  in  the  usual  manner. 

Gold  and  copper,  which  sometimes  occur  in  market  lead,  can 
be  separated  from  it  in  the  same  way,  inasmuch  as  these  metals 
alloy  with  zinc  even  more  readily  than  does  silver,  and  this  pro- 
cess has  been  satisfactorily  carried  out  in  England  by  Baker 
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A  similar  method  is  employed  in  the  Harz ;  the  lead  is  there 
melted  with  0'16  per  cent,  of  zinc,  and  the  alloy  is  obtained  as 
a  scum  on  the  surface,  having  the  composition : 

Pb  Zn  Ou  Ag 

89-46  5-78  4-52  0-243 

On  a  second  addition  an  alloy  having  the  following  composi- 
tion is  obtained :  ^ 

Pb  Zn  Cu  Ag 

91-05  5-21  3-50  0238 

Market  lead  almost  always  contains  traces  of  antimony, 
copper  and  iron,  and  occasionally  of  zinc,  nickel  and  bismuth, 
whilst  the  silver  which  it  contains  varies  from  one  part  in 
40,000  to  one  part  in  200,000,  but  since  the  introduction  of  the 
method  of  dosilverising  by  zinc  and  purification  by  steam  the 
purity  of  the  commercial  lead  has  very  much  increased. 

An  analysis  of  desilverised  and  refined  lead  of  the  Penn- 
sylvania Lead  Co.^  gave  the  following  results : 


Antimony 
Copper 
Iron     . 
Zinc     . 

Silver 
Sulphur 


0-00051  per  cent. 
0-00007 

Traces 
000038 
0-00042 
0-00018 


showing  a  total  impurity  of  only  0-00156  per  cent. 

Electro-refining  of  Lead? — Various  attempts  have  been 
made  from  time  to  time  to  refine  lead  by  an  electrolytic  pro- 
cess, but  until  Betts  invented  his  process  in  1901,  no  great 
success  was  attained.  In  this  process,  the  electrolyte  consists 
of  lead  fluosilicate  solution ;  the  anodes  are  cast  of  the  crude 
lead  and  the  cathodes  of  pure  lead.  In  order  to  obtain  solid 
deposits  of  lead,  the  use  of  addition  agents  to  the  electrolyte  is 
necessary;  and  in  this  process  gelatine  is  mostly  used,  in  the 
proportion  of  1  part  of  gelatine  to  5,000  parts  of  solution.  The 
impurities  remain  in  the  anode  slime,  and  pure  lead  is  deposited 
at  the  cathode,  as  shown  by  the  following  table  : 

1  Ramrnelsberg,  Be.r.  Entw.  Ohem.  Ind.,  935. 
^  Trans.  Amer.  Inst,  of  Mining  Engineers,  1874,  3,  322. 
'  See  Lead  Refining  by  Electrolysis,  by  A.  G.  Betts  (John  Wiley  &  Sons, 
1908). 
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Cu  Bi  As  Sb  Ag  Pb 

Crude  lead       1-40  014         7-4  4-0  0-64  8714 

Pure  lead  0001  00022     0-0025     00017 

Anode  slime     9-3  0-52       44-58       25-32  4-7  10-3 

The  following  table  shows  the  production  of  lead  in  1911,  by 
the  chief  lead-producing  countries  in  metric  tons :  ^ 

Australasia 19,352  tons 

Belgium 30,800  „ 

France       .     .               .     .  23,000  „ 

Germany 161,287  „ 

Italy 16,700  „ 

Mexico 124,605  „ 

Spain 171,000  „ 

United  Kingdom    .     .     .  18,100  „ 

United  States    ....  363,829  „ 

404  Chemically  pure  lead  is  prepared  according  to  Stasias 
follows: — A  solution  of  acetate  of  lead  is  heated  in  a  leaden 
vessel  in  contact  with  thin  sheet  lead  to  a  temperature  of  from 
40°  to  50°  in  order  to  precipitate  silver  and  copper.  The  filtrate 
is  then  poured  into  pure,  very  dilute  sulphuric  acid,  and  the 
lead  sulphate  formed  carefully  washed  with  a  solution  of 
ammonium  carbonate  and  ammonia,  and  thus  converted  into 
lead  carbonate.  A  portion  of  this  is  then  converted  into  lead 
oxide  by  carefully  heating  in  an  platinum  basin,  whilst  to  the 
remaining  portion  pure  dilute  nitric  acid  is  added  in  such 
quantity  that  a  portion  of  the  carbonate  remains  undissolved. 
The  oxide  of  lead  is  then  added  to  the  boiling  solution  of  the 
nitrate  in  order  to  precipitate  traces  of  iron,  and  the  filtered 
solution  poured  into  one  of  pure  ammonium  carboaate.  The 
precipitated  lead  carbonate  is  then  reduced  by  means  of 
potassium  cyanide,  and  the  metal  thus  formed  fused  a  second 
time  with  the  cyanide,  when  it  assumes  in  the  molten  state  a 
convex  surface  like  mercury. 

Lead  can  easily  be  crystallised  in  the  form  of  regular  octa- 
hedra  by  melting,  allowing  the  molten  metal  partially  to  solidify, 
and  pouring  off  the  portion  which  is  still  liquid.  Similar  crys- 
tals are  obtained  by  the  electrolytic  decomposition  of  solutions 
of  lead  salts  using  a  strong  current,  but  with  weak  currents  plates 
belonging  probably  to  the  monoclinic  system  are  formed.     It 

1  Mineral  Industry,  1911,  20,  451.         ^  jSuU,  Acad.  roy.  Belg.,  1860, 10,  295. 
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is  also  deposited  at  the  cathode  by  the  electrolysis  of  dilute 
sulphuric  acid  with  lead  electrodes,  sometimes  in  the  spongy 
form  consisting  of  microscopic  needles,  and  sometimes  in 
plates.^  Similar  crystals  to  these  separate  out  in  bright  shining 
arborescent  forms,  known  as  the  lead  tree,  if  a  piece  of  zinc  be 
hung  up  in  a  solution  of  lead  acetate.  Lead  has  a  specific 
gravity  of  11  "254,  or,  after  it  has  been  poured  into  water,  of 
11  "363.  On  hammering  it  cracks  and  becomes  lighter,  but  if  it 
be  pressed  it  attains  a  specific  gravity  of  11'388.  Lead  that 
has  been  distilled  in  vacuo  has  the  specific  gravity  11'3415, 
and  this  after  compression  becomes  11  •3470.^  It  is  soft  and 
tough,  may  be  cut  with  a  knife,  and  leaves  a  streak  upon 
paper.  It  can  easily  be  rolled  out  to  thin  foil,  but  it  cannot  be 
drawn  out  into  fine  wire.  When  melted  repeatedly  it  becomes 
hard  and  brittle,  which  is  probably  due  to  the  formation  of  a 
small  quantity  of  oxide.  On  the  large  scale  this  oxide  may 
be  removed  by  poling  or  stirring  up  the  molten  mass  with  a  pole 
of  green  wood.  The  presence  of  antimony,  zinc,  bismuth, 
arsenic,  and  silver  increases  the  brittleness  of  lead.  Lead  be- 
longs to  the  class  of  white  metals,  though  it  has  a  decidedly 
bluish-grey  tint  indicated  by  the  expression  lead-grey.  A 
freshly  cut  surface  possesses  a  bright  lustre,  which,  however, 
soon  becomes  dull  from  superficial  oxidation.  By  the  electro- 
lysis of  lead  nitrate  Wohler  obtained  a  deposit  on  the  negative 
pole  of  crystallised  leaflets  of  lead  possessing  a  red  colour  like 
that  of  copper.  These  did  not  dissolve  in  dilute  acids,  whilst 
they  were  soluble  in  hot  nitric  acid,  and,  on  dissolving,  the  colour 
resembled  that  of  copper  to  the  last  moment.^  Lead  melts  at 
327°,  and  begins  to  volatilise  at  a  bright  red  heat,  boiling  rapidly 
before  the  oxy-hydrogen  blowpipe.  It  cannot,  however,  be  dis- 
tilled in  closed  vessels  like  zinc,  although  when  zinc  is  extracted 
from  ores  containing  lead,  the  vapour  of  zinc  is  mixed  with 
vapour  of  lead,  and  a  considerable  portion  of  the  loss  experienced 
in  the  ordinary  processes  of  lead  smelting  is  due  to  this 
cause. 

Lead  has  been  obtained  in  the  colloidal  form  by  reducing 
a  solution  of  the  dichloride  with  hydrazine  hydrate  in  the 
cold.* 

1  Elbs  and  Rixon,  Zeit.   EteHroche.m.,   1903,  9,   265;  Haber,  Zeit.  ajwrg. 
Chem.,  1898,  16,  438. 

2  Kahlbaum,  Roth,  and  Siedler,  Zeit.  anorg.  Chem.,  1902,  29,  177. 
2  Ann.  Chem.  Pharm.  Suppl.,  1863,  2,  135. 

■*  Gutbier,  Zeit.  anorg.  Chem.,  1902,  31,  448. 
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Metallic  lead  is  largely  employed  in  the  arts  for  a  great  variety 
of  purposes  on  account  of  its  softness  and  pliability,  its  low 
melting  point,  the  difficult}'  with  which  it  undergoes  oxidation 
at  ordinary  temperatures,  and  the  fact  that  it  withstands  the 
action  of  water  and  of  many  acids  better  than  most  of  the 
common  metals. 

The  most  important  alloys  of  lead  are  those  which  it  forms 
with  tin,  which  have  been  described  under  that  metal  (p.  850). 


COMPOUNDS  OF  LEAD. 

Lead  and  Oxygen. 

405  Lead  forms  five  compounds  with  oxygen : 

Lead  suboxide,  PKO, 
Lead  monoxide,  PbO, 
Lead  sesquioxide,  PbgOg, 
Red  lead,  PbgO^, 
Lead  dioxide,  Pb02. 

The  most  important  of  these  is  the  strongly  basic  monoxide, 
which  corresponds  to  the  chief  series  of  salts,  in  which  lead  is 
divalent.  The  dioxide  act.s  as  a  weak  basic  oxide  towards 
strong  acids,  as  an  acidic  oxide  to  strong  bases,  and  also  behaves 
in  many  respects  as  a  peroxide.  The  sesquioxide  and  red  lead 
are  probably  salts  formed  by  the  combination  of  the  basic  mon- 
oxide and  the  acidic  dioxide  (p.  889). 

Lead  Monoxide,  PbO. — This  compound  was  known  to  the 
ancients,  as  it  is  formed  when  lead  is  heated  in  contact  with  the 
air,  and  is,  therefore,  produced  in  various  metallurgical  processes. 
The  different  forms  of  this  comjDOund  were,  however,  regarded  as 
different  substances,  giving  rise  to  the  names  'plumbum  usium, 
scoria  plumhi,  scoria  argenti,  galena,  //.oXv^Saiva,  \iddpyvpo';,  &c. 
When  lead  is  heated  to  its  point  of  volatilisation  in  the  air,  it 
takes  fire  and  burns  with  a  white  light,  yielding  this  oxide, 
which  formerly  received  the  name  of  flowers  of  lead  or  flares 
phomhi.  Lead,  when  heated  in  the  air,  becomes  covered  with 
a  grey  film,  and  if  the  surface  be  continually  renewed,  becomes 
wholly  converted  into  lead-ash,  a  yellowish-grey,  pulverulent 
mixture  of  metallic  lead  and  yellow  monoxide,  which,  if  heated 
in  the  air  for   a  longer  time,    is   wholly   converted   into   the 
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latter.  This  yellow  oxide  is  termed  massicot,  whilst  the  other 
form  of  lead  monoxide,  termed  litharge,  is  obtained  at  a  tem- 
perature at  which  the  oxide  fuses,  solidifying  to  a  scaly  shining 
mass  sometimes  of  a  yellow  tint,  sometimes  rather  inclined 
to  red. 

Crystallised  oxide  of  lead  also  occurs  in  nature  as  a  mineral 
found  near  Vera  Cruz  (Noggerath).  The  crystals  may  be 
artificially  obtained  by  allowing  litharge  to  cool  slowly ;  it 
forms  rhombic  octahedra,  which  are  sometimes  also  found  as  a 
deposit  in  the  lead  furnaces  (Mitscherlich),  and  red  tetragonal 
crystals  may  also  be  obtained  (Geuther).  Lead  oxide  possesses 
a  colour  varying  from  lemon-yellow  to  reddish-yellow,  and  on 
heating  assumes  a  brownish-red  tint.  Its  specific  gravity  at  4° 
is  9'36  (Joule  and  Playfair).  It  is  reduced  to  the  metallic  state 
by  carbonic  oxide  at  100°,  by  hydrogen  at  310°,  and  by  carbon  ^ 
in  an  atmosphere  of  nitrogen  at  550°  Litharge  is  largely  used 
in  the  arts,  especially  for  the  manufacture  of  flint  glass,  and 
as  a  glaze  for  earthenware ;  it  is  used  also  for  the  preparation 
of  red  lead,  lead  acetate,  lead  nitrate,  white  lead,  lead  plaster, 
and  drying  oils.  Commercial  litharge  contains  carbon  dioxide 
and  water  absorbed  from  the  air,  but  they  may  be  removed  by 
ignition.  Not  infrequently  it  contains  small  quantities  of  iron 
oxide  and  copper  oxide,  the  latter  easily  removable  by  ammonia. 

Basic  Lead  Hydroxide,  Pb20(OH)2. — This  substance  is  ob- 
tained as  a  white  precipitate  by  the  action  of  air  and  water  free 
from  carbonic  acid  upon  the  metal,  or  is  thrown  down  as  a 
white  precipitate  on  the  addition  of  amnionia  or  a  fixed  alkali  to  a 
lead  salt ;  this,  however,  dissolves  in  a  large  excess  of  the  reagent 
and  the  solution  contains  a  plumbite,  H'PbO'OR,  in  which 
the  normal  hydroxide  acts  as  a  weak  monobasic  acid.^  The 
basic  hydroxide  is  obtained  in  colourless,  tetragonal  crystals  by 
exposing  a  cold  solution  of  lead  monoxide  in  caustic  potash  to 
the  air,  the  carbon  dioxide  in  the  latter  converting  the  caustic 
potash  into  potassium  carbonate. 

The  compound  Pb302(OH)2  is  formed  according  to  Payen  as 
follows  : — 100  parts  of  a  solution  of  basic  acetate  of  lead, 
Pbg02(C2H302)2,  saturated  at  16°,  are  added  to  50  volumes  of 
cold  water  which  has  previously  been  well  boiled  :  a  mixture 
of  20  parts  of  ammonia  and  30  parts  of  boiled  water  is  then 
added,  and  the  solution  allowed  to  stand  at  a  temperature  of 

^  Doeltz  and  Graumann,  Melallurgie,  1907,  4,  420. 
'■*  Hantzsch,  Zeit.  anorg.  Ohem.,  1902,  30,  289. 
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25 — 30°,  when  the  above  hydroxide  separates  out  in  glittering 
octahedra. 

At  180°  lead  hydroxide  loses  a  portion,  and  at  145°  the  whole, 
of  its  water,  being  then  converbed  into  lead  oxide.  The 
hydroxides  of  lead  as  well  as  the  oxide  turn  moistened  red  lit- 
mus paper  blue,  as  they  are  somewhat  soluble  in  water.  They 
act  as  strong  bases  but  also  combine  with  certain  basic  oxides. 
Thus  when  lead  oxide  is  fused  with  the  alkalis,  alkaline  earths, 
and  other  metallic  oxides,  a  glass  is  formed,  and,  in  consequence 
of  this,  lead  oxide  attacks  clay  crucibles.  It  dissolves  also  in 
caustic  potash  and  soda  as  well  as  in  lime  and  baryta  water, 
yielding  yellow  liquids.  The  calcium  compound  is  slightly 
soluble  in  water,  and  crystallises  in  white  needles  on  cooling 
(Berthollet,  Karsten). 

Lead  Sioboxide,  Pb^O,  is  formed  when  lead  oxalate  is  heated 
in  an  atmosphere  free  from  oxygen  to  a  temperature  below  300° 
(Dulong)  : 

2PbC20,  =  Pb^O  +  CO  +  3CO2, 

or  when  lead  oxide  is  reduced  by  CO  at  300°.^  It  is  a  black, 
velvety  powder  of  specific  gravity  8-342  at  18°  (Tammann),^ 
which,  when  heated  in  absence  of  air,  or  treated  with  caustic 
soda  or  acids,  is  decomposed  into  the  metal  and  the  monoxide. 
When  lead  is  melted  in  the  air  the  surface  becomes  covered 
first  with  a  grey  film,  which,  according  to  Berzelius,  consists 
of  the  suboxide.  The  suboxide  has  by  some  been  considered 
to  be  an  intimate  mixture  of  finely-divided  lead  and  the 
monoxide.  Against  this  view,  however,  is  to  be  placed  the 
fact  that  mercury  does  not  dissolve  metallic  lead  from  this 
grey  powder,  whilst  a  solution  of  sugar,  which  readily  dissolves 
lead  monoxide,  does  not  take  up  any  from  this  substance.  After 
heating,  dilute  acetic  acid  or  a  solution  of  sugar  does  dissolve 
out  lead  oxide,  whilst  metallic  lead  remains  behind  in  the 
coherent  state.  Cold  10  per  cent,  sodium  hydroxide  decom- 
poses it,  forming  sodium  plumbite  and  metallic  lead. 

Lead  Sesquioxide,  F\0.^,  is  formed  when  a  solution  of  sodium 
hypochlorite  is  carefully  added  to  a  cold  caustic  potash  solution 
of  lead  oxide  (Winkelblech),  or  when  a  solution  of  red  lead  in 
acetic  acid  is  precipitated  by  very  dilute  ammonia.  It  is  a 
reddish-yellow,  amorphous  powder  which  does  not  part  with  the 
whole  of  its  water  at  160°.     It  is  decomposed  by  acids  into  the 

1  Brislee,  Joum.  Ghem.  Soc,  1908,  93,  154. 

2  Zeit.  anorg.  Chem.,  1901,  27,  304. 
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monoxide  and  dioxide,  and  is,  therefore,  considered  to  be  a 
compound  of  these  two,  PbOjPbOj,  and  may  be  termed  lead 
metaplumhate  (p.  890). 

Red  Lead  or  Minium,  PbgO^. — This  compound  was  described 
by  Pliny,  under  the  name  of  minium,  but  it  was  at  that  time 
not  sufficiently  distinguished  from  cinnabar  and  the  red  sulphide 
of  arsenic.  Dioscorides,  however,  mentions  that  it  can  be  pre- 
pared from  white  lead  :  "  cerussa,  si  coquahir  rufescit  " ;  and 
Geber  says  :  "plumbum  aduritur  et  fit  m-inium." 

Red  lead  is  usually  prepared  by  carefully  heating  very  finely- 
divided  pure  massicot  or  white  lead.  For  this  purpose  the  oxide 
is  heated  for  about  twenty-four  hours  either  on  the  flat  hearth 
of  a  reverberatory  furnace,  or  in  barrel-shaped  vessels  open  at 
both  ends,  the  mass  being  frequently  stirred  and  the  heat  not 
allowed  to  rise  above  dull  redness  (about  400°).  The  brightness 
and  beauty  of  the  colour  depend  much  on  the  care  spent  on 
the  roasting,  as  these  properties  are  not  wholly  influenced  by  the 
absorption  of  oxygen,  but  more  especially  by  the  particular  mole- 
cular condition  of  the  material,  and  this  is  produced  only  at  a 
given  temperature. 

Red  lead  is  a  scarlet,  crystalline,  granular  powder,  which,  on 
heating,  first  assumes  a  finer  red  colour  and  afterwards  turns 
violet,  and  lastly  black,  but  on  cooling  regains  its  original  tint. 
When  more  strongly  heated,  at  about  470°,^  it  loses  oxygen  and 
is  converted  into  the  monoxide.  Its  specific  gravity  varies  from 
8'6  to  9"1.  Commercial  red  lead  frequently  contains  the  yellow 
oxide,  litharge,  mixed  with  it,  which  may  be  extracted  by 
repeatedly  digesting  with  a  solution  of  lead  acetate.  Red 
lead  is  largely  used  as  a  paint  and  also  in  the  preparation  of 
flint  glass.  For  both  of  these  purposes  it  is  necessary  that  it 
should  be  as  free  as  possible  from  iron,  and  in  this  case  it 
is  not  infrequently  prepared  from  white  lead.  Red  lead  is 
also  adulterated  with  oxide  of  iron,  red  bole,  powdered  heavy 
spar,  and  brick  dust.  These  substances  remain  undissolved 
when  red  lead  is  digested  in  warm  dilute  nitric  acid  to 
which  a  little  sugar  has  been  added,  whilst  the  red  lead  is 
dissolved  completely.  Boiling  hydrochloric  acid  extracts  sesqui- 
oxide  of  iron  from  the  impure  oxide  with  formation  of  lead 
chloride  and  liberation  of  chlorine.  Like  the  sesquioxide  it  is 
decomposed  by  acids  into  the  monoxide  or  a  corresponding 
salt,  and  the  dioxide,  and  is  therefore  regarded  as  a  compound  of 
1  Milbauer,  Ohem.  Zeit,  1909,  33,  950,  960. 
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two  molecules  of  the  former  and  one  of  the  latter,  2PbO,Pb02, 
and  may  be  termed  lead  orthoplumhate  (p.  890). 

Lead  Dioxide,  Lead  Peroxide  or  Puce-coloured  Oxide  of 
Lead,  PbOj. — This  substance  was  discovered  by  Scheele,  who 
observed  that  red  lead  is  coloured  brown  when  treated  with 
chlorine  water,  whilst  Priestley  found  that  nitric  acid  produces 
the  same  reaction.  The  properties  of  the  puce-coloured  lead 
oxide  were  more  exactly  examined  by  Proust  and  Vauquelin. 

Lead  dioxide  may  be  prepared  according  to  a  variety  of 
methods.  The  simplest  plan  is  to  act  upon  red  lead  with 
dilute  nitric  acid : 

PbgO,  +  4HNO3  =  PbOa  +  2Pb(N03)2  +  2H2O. 

It  is  likewise  obtained  by  the  action  of  chlorine  upon  lead  salts 
in  the  presence  of  alkalis  ( Wohler),  or  by  treating  a  hot  solution 
of  a  pure  lead  salt  with  a  soluble  hypochlorite  (Bottger) : 

PbO  +  NaClO  =  PbOa  +  NaCl. 

It  is  also  prepared  by  the  electrolysis  of  a  solution  of  sodium 
chloride,  in  which  litharge  is  suspended.^ 

It  is  obtained  in  the  dry  way  by  fusing  4  parts  of  lead  monoxide, 
1  part  of  potassium  chlorate,  and  8  parts  of  nitre  (Liebig  and 
Wohler).  Lead  oxide  is  also  converted  into  the  dioxide  by  the 
action  of  ozone  as  well  as  of  hydrogen  peroxide.  It  is  de- 
posited at  the  positive  pole  when  a  solution  of  a  lead 
salt  in  nitric  acid  is  decomposed  by  means  of  an  electric 
current.^ 

This  substance  is  found  native  in  the  form  of  plattnerite, 
which  crystallises  in  black,  hexagonal  prisms  having  a  specific 
gravity  of  9'4.  The  artificial  dioxide  sometimes  assumes  the 
form  of  brownish-black,  six-sided  tablets,  but  generally  consists 
of  a  dark  brown  powder  having  a  specific  gravity  of  8-9  to  9-2. 

Lead  dioxide  decomposes  on  heating  into  oxygen  and  the 
monoxide.  It  loses  oxygen  when  simply  exposed  to  sunlight, 
red  lead  being  formed.  It  has  a  strongly  oxidising  action,  and 
when  triturated  with  one-sixth  of  its  weight  of  sulphur,  it  takes 
fire  and  burns  with  a  brilliant  flame,  forming  sulphide  of  lead.^ 
Aqueous  hypophosphorous  acid  is  at  once  oxidised  with  formation 
of   lead   phosphate.      When    exposed   to   sulphur   dioxide   at 

1  Chemische  Fabrik,  Griesheim-EleJctron,  German  Patent,  124512. 

2  Wolman,  Zeit.  Ekktrochem. ,  1897,  3,  537  ;  HoUard,  Comi)t.  rend.,  1903, 
136,  229,  and  others. 

'  Vauquelin,  Ann.  Chim.  Phys.,  1807,  62,  221. 
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ordinary  temperatures  it  becomes  red-hot  and  is  converted  into 
lead  sulphate,  whilst  nitrogen  peroxide  and  even  ammonia  con- 
vert it  into  lead  nitrate.  A  large  number  of  organic  acids  and 
other  carbon  compounds  when  triturated  with  it  likewise  cause 
evolution  of  light  and  heat.  When  treated  with  aqueous 
hydrochloric  acid,  chloride  of  lead  and  free  chlorine  are 
formed. 

Lead  dioxide  is  often  employed  as  an  oxidising  agent,  as,  for 
instance,  in  the  analj'sis  of  organic  substances  containing 
sulphur,  in  order  to  separate  the  sulphur  dioxide  from  carbon 
dioxide.  The  mixture  of  lead  nitrate  and  dioxide  obtained  by 
treating  red  lead  with  nitric  acid  is  employed  under  the 
name  of  oxidised  red  lead  in  the  manufacture  of  lucifer 
matches. 

Lead  dioxide  is  capable  of  acting  as  a  weak  basic  oxide, 
yielding  the  unstable  tetravalent  lead  salts,  and  also  as  a 
peroxide  and  an  acid-forming  oxide,  forming  compounds  to 
which  the  name  plumlates  has  been  given.  Orihophimhates 
having  the  composition  M^^PbO^  and  metaplumbates,  M^PbOj, 
are  known,^  and  the  free  metaplumbic  acid,  I'hO(OU.).^  or 
H.^PbOg,  is  deposited  at  the  positive  pole  as  a  black,  lustrous 
substance  on  the  electrolysis  of  a  slightly  alkaline  solution  of 
lead  sodium  tartrate. 

The  orthoplumbates  of  the  alkaline  earths  are  obtained  by 
heating  the  carbonates  or  hydroxides  with  lead  monoxide  in 
presence  of  air,  the  calcium  salt,  CajPbO^,  crystallising  with  four 
molecules  of  water  in  almost  colourless,  microscopic,  transparent 
crystals.  These  compounds  evolve  oxygen  on  strongly  heating, 
and  it  has  been  proposed  to  utilise  this  method  for  obtaining 
oxygen  from  the  atmosphere  on  the  large  scale ;  the  calcium 
salt  has  also  been  used  as  an  oxidising  agent.^ 

The  hydrosol  of  hydrated  lead  peroxide  (plumbic  acid)  has 
been  prepared  by  the  dialysis  of  potassium  plumbate.  ^ 

Potassium  Metaplumlate,  K2Pb03,2H20,  is  obtained  in 
crystals  by  fusing  lead  dioxide  with  excess  of  caustic  potash  in  a 
silver  crucible,  dissolving  in  water  and  evaporating  in  a  vacuum.* 
The  solution  gives  with  most  metallic  salts  precipitates  of  the 
corresponding  metaplumbates. 

1  Compare  Bellucci,  Atli  R.  Accad.  Lincei,  1905,  [5],  14,  i.,  457. 

2  Kassner,  Arch.  Pharm.,  1890,  228,  109  ;  1894,  232,  375  ;  1895,  233,  501. 
■'  Belluooi  and  Parravano,  Atti  R.  Accad.  Lincei,  1906,  [v],  15,  ii.,  542. 

*  Ann.  Ohim.  Phys.,  1844,  [3],  12,  490. 


LEAD   AND  THE   HALOGENS  891 

Calcmm  Metaplumhaie,  CaPb03,4H20,  is  obtained  by  digest- 
ing the  orthoplumbate  with  sodium  peroxide  and  water,  and 
from  this  other  metaplumbates  have  been  obtained.^ 

As  already  mentioned  lead  sesquioxide  and  red  lead  may  be 
regarded  as  the  metaplumbate  and  orthoplumbate  of  lead, 
their  constitution  being  represented  by  the  formulae  Pb^PbOg 
and  Pbg^PbO^.  Lead  metaplumbate  has  been  prepared  from 
the  calcium  salt  and  is  identical  with  the  sesquioxide.^ 

When  calcium  meta-  or  ortho-plumbate  is  heated  in  dry  air 
at  250°,  calcmm  perphi,mbate,  CaPb^Og,  is  formed.^ 


Lead  and  the  Halogens. 

406  Zead  Fluoride,  PbF,. — This  compound  is  obtained  by 
heating  lead  oxide  or  carbonate  with  hydrofluoric  acid,  or  by 
precipitating  a  lead  salt  with  a  soluble  fluoride.  It  is  a  white 
powder,  almost  insoluble  in  water  and  in  hydrofluoric  acid,  but 
fairly  soluble  in  hydrochloric  and  nitric  acids.  When  treated 
with  ammonia  an  easily  soluble  basic  fluoride  is  formed.  If  a 
solution  of  lead  chloride  be  precipitated  with  sodium  fluoride 
the  compound  PbClF  is  formed.  The  formation  of  this  com- 
pound has  been  confirmed  by  the  thermal  analysis  of  the 
system  PbCl2-PbF2,*  and  a  second  compound,  PbCl2,4PbF2, 
detected.  The  chloro-fluoride  of  lead  (PbClF)  is  slightly  soluble 
in  water,  dissolving  without  decomposition  (Berzelius). 

Lead  Tetrafluoride,  PbF^. — This  compound  is  probably  formed 
by  the  action  of  strong  sulphuric  acid  on  the  acid  plumbi- 
fluoride,  3KF,HF,PbF^,  but  has  not  been  obtained  in  the  pure 
state.  The  foregoing  double  salt,  which  is  isomorphous  with  the 
analogous  tin  derivative,  is  obtained  by  the  action  of  hydro- 
fluoric acid  and  potassium  fluoride  on  lead  tetracetate,  or  by 
fusing  lead  dioxide  with  potassium  fluoride  and  treating  the 
product  with  hydrofluoric  acid.  It  forms  monoclinic  needles 
which  evolve  hydrogen  fluoride  at  230°,  and  at  a  higher  tempera- 
ture yield  free  fluorine.^ 

Lead  Chloride,  PbClg. — Dioscorides  mentions  that  yellow 
oxide  of  lead  when  brought  in  contact  with  common  salt  and 

1  Grutziier  and  Hohnel,  Arch.  Pharm.,  1895,  233,  512. 

2  Hohnel,  Arch.  Pharm.,  1895,  233,  501. 

'  Kassner,  Arch.  Pharm.,  1899,  237,  409  ;  1900,  238,  449. 
^  Sandonnini,  Atti  S.  Accad.  Lincei,  1911,  [v],  20,  i.,  172. 
5  Brauner,  Journ.  Ohem.  Soc,  1894,  65,  393. 
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warm  water  becomes  white.  After  the  discovery  of  silver 
chloride,  to  which  the  name  of  horn-silver  was  given,  the  cor- 
responding lead  compound  was  termed  horn-lead  (plumhum 
corneum).  Lead  chloride  occurs  native  in  the  craters  of  volca- 
noes as  the  mineral  cotunnite.  Lead  combines  with  chlorine, 
but  slowly,  and  without  incandescence.  Dilute  hydrochloric 
acid  dissolves  the  metal  only  ia  the  presence  of  air,  and 
then  but  slowly.  The  boiling  concentrated  acid,  however,  eon- 
verts  it  into  chloride  with  evolution  of  hydrogen  •  gas.  Lead 
chloride  is  easily  prepared  by  the  action  of  hydrochloric  acid  on 
the  oxide  or  carbonate,  and  also  by  the  precipitation  of  a 
tolerably  concentrated  solution  of  a  lead  salt  by  means  of 
hydrochloric  acid  or  a  soluble  chloride.  It  is  thus  obtained  in 
the  form  of  a  white,  crystalline  precipitate,  of  which  100  parts  of 
water  dissolve  0909  part  at  15°,  and  3'2  parts  at  100°.  The 
salt  crystallises,  when  a  boiling  solution  is  cooled,  in  white, 
silky,  rhombic  needles,  having  a  specific  gravity  of  5"8.  It 
is  less  soluble  in  dilute  hydrochloric  acid  and  solutions  of 
chlorides  than  in  pure  water,  but  dissolves  more  freely  in 
concentrated  hydrochloric  acid ;  hence  a  precipitate  may  be 
obtained  by  adding  water  to  the  latter  solution,  whilst  the 
aqueous  solution  is  precipitated  by  hydrochloric  acid.  It  also 
dissolves  readily  in  the  solutions  of  the  acetates  and  thio- 
sulphates  of  the  alkali  metals.  When  heated  in  absence  of  air 
lead  chloride  melts  at  about  485°,  solidifying  on  cooling  to  a 
white,  translucent,  horny  mass  ;  it  volatilises  at  a  temperature 
of  861-934°,  the  vapour  having  a  density  of  5'8,  corresponding 
to  the  formula  PbCl2-^ 

Lead  yields  a  large  number  of  oxychlorides.  The  compound 
PbClg.PbO  occurs  as  the  mineral  matlockite^  and  may  be  obtained 
artificially  by  igniting  the  chloride  in  the  air  till  no  further 
fumes  are  evolved.  The  mineral  mendipite  has  the  composition 
PbCl2,2PbO,  and  numerous  others,  some  of  which  contain  water 
of  crystallisation,  have  been  prepared.  Ruer  ^  has  examined 
the  freezing  points  of  mixtures  of  lead  oxide  and  lead  chloride, 
and  has  obtained  evidence  of  the  existence  of  the  compounds, 
PbCl„,PbO,  PbCl2,2PbO,  and  PbCl2,4PbO.  The  hydrate 
PbCl2,PbO,H20,  which  may  also  be  formulated  as  lead  hydroxy- 
chloride,  Pb(OH)Cl,  and  occurs  as  the  mineral  laurionite,  was 
formerly  prepared  by  a  process  patented  by  Pattinson  in  1849. 

1  Roscoe,  Proc.  Roy.  Soc,  1878,  27,  428. 
'  Zeit.  anorg.  Chem.,  1906,  49,  365. 
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In  this  process  chloride  of  lead  is  first  prepared  from  finely 
pulverised  galena  and  concentrated  hydrochloric  acid ;  this  is 
then  dissolved  in  water  and  mixed  with  lime-water  in  certain 
definite  proportions ;  a  snow-white  precipitate  having  the 
composition  given  above  is  thrown  down,  which  was  at  one 
time  used  as  a  paint  in  place  of  white  lead. 

A  hydrated  oxychloride  is  likewise  obtained  by  warming 
lead  oxide  with  a  solution  of  common  salt  (Seheele),  caustic  soda 
being  produced  at  the  same  time.  In  the  year  1787  Turner 
took  out  a  patent  for  the  purpose  of  preparing  caustic  soda  by 
this  reaction,  and  found  that  the  residue  when  heated  became 
anhydrous  and  possessed  a  yellow  colour.  This  oxychloride  is 
known  under  the  name  of  Tiirner's  yellow  or  patent  yelloiv. 
Vauquelin  then  showed  that  when  lead  chloride  and  lead  oxide 
are  fused  together,  a  yellow-coloured  body  is  obtained.  This  is 
now  known  as  Oassel  yellow,  and  is  usually  prepared  by  fusing 
together  one  part  of  ammonium  chloride  and  about  10  parts  of 
massicot,  minium,  or  white  lead ;  a  part  of  the  ammonium 
chloride  sublimes  undecomposed,  and  the  resulting  compound 
contains  about  one  molecule  of  chloride  to  seven  molecules  of 
oxide,  part  of  the  lead  being  at  the  same  time  reduced  by  the 
ammonia. 

Lead  chloride  also  yields  a  number  of  double  salts  with  the 
chlorides  of  other  metals. 

Lead  Tetrachloride,  PbC^. — A  solution  of  this  compound  is 
obtained  by  dissolving  the  dioxide  in  well-cooled  hydrochloric 
acid,  but  it  is  best  prepared  by  passing  chlorine  into  lead  di- 
chloride  suspended  in  hydrochloric  acid.  On  addition  of 
ammonium  chloride,  ammonium  plumhichloride,  (NH4).2PbCig, 
crystallises  out,  and  the  same  compound  is  also  formed  by 
acting  on  lead  tetracetate  with  concentrated  hydrochloric  acid 
and  then  adding  ammonium  chloride.^  It  may  also  be  obtained 
by  the  action  of  hydrochloric  acid  and  ammonium  persulphate 
on  lead  chloride  in  the  cold,^  or  by  the  electrolysis  of  concentrated 
hydrochloric  acid  with  lead  electrodes,  the  cathode  being 
placed  in  a  porous  pot,  when  an  orange  solution  of  HjPbClg 
is  formed,  and  this  on  addition  of  ammonia  yields  the  above 
compound.^  When  this  compound  is  added  to  well-cooled 
sulphuric  acid,  it  yields  the  tetrachloride,  as  a  yellow,  refractive, 

1  Hutchinson  and  Pollard,  Journ.  Chem.  Soc,  1896,  69,  212. 

2  Seyewetz  and  Trawitz,  Compt.  rend.,  1903,  136,  686. 

3  Elbs  and  Niibling,  Zeit.  EleUrochem.,  1903,  9,  776. 
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fuming  liquid,  which  readily  decomposes  into  the  dichloride  and 
chlorine.  It  has  a  specific  gravity  of  3'18  at  0°,  solidifies  at 
-15°  to  a  yellowish,  crystalline  mass,  and  yields  a  hydrate  with 
a  small  quantity  of  water,  but  in  presence  of  an  excess  is 
decomposed  into  lead  dioxide  and  hydrochloric  acid.^ 

Lead  Bromide,  PbBrj. — This  compound  closely  resembles  the 
chloride.  It  is  obtained  by  treating  lead  oxide  with  aqueous 
hydrobromic  acid,  or  by  precipitating  a  lead  salt  with  a  solution 
of  potassium  bromide,  when  it  is  thrown  down  in  the  form  of 
white  shining  needles.  It  dissolves  in  hot  water,  and  has  a 
specific  gravity  of  6'6.  When  heated  in  a  closed  vessel  it  fuses, 
forming  a  red  liquid  which  on  cooling  solidifies  to  a  white 
horny  mass.  Fused  in  contact  with  the  air  it  emits  white 
fumes  and  leaves  a  residue  of  oxyhromide,  PbBr2,PbO,  forming 
a  pearly  yellow  mass,  whilst  the  hydrated  oxyhromide,  PhBr^, 
PbOjHjO  or  PbBrOH,  has  been  prepared  by  heating  a  mixture 
of  solutions  of  sodium  bromide  and  lead  acetate.^ 

Lead  Iodide,  Pblg. — Hydriodic  acid  easily  dissolves  lead,  and 
the  iodide  separates  out  from  a  concentrated  solution  in  beauti- 
ful yellow  crystals  (Deville).  When  a  solution  of  lead  salt 
is  mixed  with  a  soluble  iodide  a  yellow  precipitate  of  lead  iodide 
is  formed.  This  is  soluble  in  1,235  parts  of  cold  and  194  parts 
of  boiling  water,  giving  rise  to  a  colourless  solution  from  which 
the  iodide  separates  out  on  cooling  in  yellow  laminae  resembling 
those  of  mosaic  gold.  The  specific  gravity  of  this  compound  is 
6'1 ;  on  heating  it  becomes  reddish-yellow,  then  bright  red, 
and  lastly  brownish-black ;  it  melts  in  a  closed  tube  to  a 
reddish-brown  liquid  which  solidifies  to  a  yellow,  crystalline 
mass,  and  may  be  sublimed  unchanged  by  heating  in  carbon 
dioxide.^  Like  the  chloride  and  bromide,  it  easily  forms  basic 
salts. 

A  number  of  mixed  halogen  compounds  of  lead  have  been 
described,  which  are  mostly  prepared  by  the  action  of  the 
halogen  salts  of  potassium  or  ammonium  on  those  of  lead.  In 
this  way  the  compounds  PbFBr,  PblCl,  and  PbBrCl  are  stated 
to  be  formed,  as  well  as  double  compounds  of  these  with  the 
halogen  salts  of  ammonia.*   There  is,  however,  some  doubt  as  to 

1  rriedrioh,  Monatsh.,  1893,  14,  505;  Classen,  Zeit.  anorg.  Ghem.,  1893,4, 
100. 

2  de  Schulten,  Bull.  Soc. /ran.  Min.,  1897,  20,  186. 

3  Sohtsoherbakofr,  /.  Buss.  Phys.  Chem.  Soc,  1905,  37,  682. 

*  Thomas,  Gompt.  rend.,  1898,  126,  1349;  1899,  128,  1234,  1329;  Bull- 
Soc.  chim.,  1898,  [.3],  19,  598;  ronzes-Diaoon,  »6id.,  1897,  [3],  17,  346. 
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whether  these  are  true  compounds  or  isomorphous   mixtures 
of  the  halogen  salts  of  lead.^ 


Lead  and  Sulphur. 

407  Lead  Sulphide,  PbS,  occurs  in  nature  as  galena,  crystallised 
in  cubes  or  in  other  combinations  of  the  regular  system.  It  pos- 
sesses a  bluish-grey  colour,  and  has  a  specific  gravity  varying 
from  7"25  to  'Z'T.  This  mineral  was  known  to  the  ancients 
under  its  present  name,  but  the  fact  that  it  contained  sulphur 
was  not  recognised  until  after  some  time.  Thus  even  Kunkel 
was  unacquainted  with  this  fact,  though  Boyle  ^  was  aware  that 
when  galena  is  heated  with  scrap  iron  metallic  lead  is  formed, 
and  recommended  this  mode  of  producing  lead. 

When  sulphur  vapour  is  led  over  metallic  lead  it  takes  fire 
and  burns,  forming  a  crystalline  sulphide,  and  even  tolerably 
thick  strips  of  lead  take  fire  in  sulphur  vapour  with  a  vivid  glow, 
depositing  half-fused  globules  of  lead  sulphide.  It  can  also  be 
prepared  by  fusing  lead  oxide  with  an  excess  of  sulphur.  When 
sulphuretted  hydrogen  is  passed  into  a  solution  of  lead  nitrate, 
an  amorphous,  black  precipitate  is  formed,  but  if  the  gas  be 
passed  into  a  dilute  solution  of  the  salt  containing  free  nitric 
acid  a  crystalline  precipitate  is  obtained,  consisting  of  micro- 
scopic cubes  (Muck). 

Sulphide  of  lead  fuses  at  a  strong  red  heat — at  1120°  ±10° 
according  to  Friedrich  ^ — and  when  heated  in  a  current  of  many 
gases  sublimes  in  cubes  which  often  have  a  diameter  of  1"5  mm. 
Crystals  of  galena  are  often  obtained  in  lead  works  in  a  similar 
way.  On  the  other  hand,  octahedral  crystals  may  be  obtained 
by  fusing  one  part  of  the  precipitated  sulphide  with  6  parts 
of  potash  and  6  parts  of  sulphur  (Schneider).  Nitric  acid 
converts  galena,  with  separation  of  sulphur,  partly  into  the 
nitrate  and  partly  into  the  sulphate,  the  latter  compound  being 
formed  in  the  largest  quantity  when  the  acid  is  strongest. 
Hot  concentrated  hydrochloric  acid  dissolves  it  with  evolution 
of  sulphuretted  hydrogen. 

When  an  aqueous  solution  of  a  lead  salt  containing  an  excess  of 
hydrochloric  acid  is  treated  with  a  small  quantity  of  sulphuretted 
hydrogen  a  yellowish-  to  dark-red  precipitate  is  obtained,  which 

'  Hertz  and  Bogg,  /.  Amer.  Chem.  Soc,  1897,  19,  820. 
^  A  hydrostatical  way  of  estimating  ores  of  lead. 
3  Metallurgie,  1907,  4,  479  ;  1908,  5,  23. 
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consists  of  a  double  chloride  and  sulphide  of  lead.  According 
to  Hunenfeld,^  this  precipitate  has  the  composition  3PbS,2PbCl2, 
whilst  Parmentier  ^  found  the  composition  PbS.PbCig ;  it 
is  converted  by  an  excess  of  sulphuretted  hydrogen  into  lead 
sulphide,  and  loses  lead  chloride  on  treatment  with  hot  water. 
The  compound  PbS,4PbCl2  has  been  obtained  by  diluting  a 
solution  of  lead  sulphide  in  concentrated  hydrochloric  acid, 
whilst  similar  compounds  with  lead  bromide  and  iodide  have 
also  been  prepared.^ 

A  polysulphide  of  lead,  PbSj,  is  formed  by  the  action  of 
calcium  polysulphide  on  lead  nitrate  at  0°,  as  a  purple-red 
precipitate  which  decomposes  rapidly  at  ordinary  temperatures 
into  the  monosulphide  and  sulphur.* 

Lead  Sulphate,  PbSO^. — This  substance  is  found  native 
as  lead  vitriol  or  anglesite  in  transparent,  rhombic  cr}^stals, 
isomorphous  with  those  of  celestine  and  heavy-spar,  or  as 
pseudomorphs  of  galena.  It  is  obtained  as  a  white  powder 
by  precipitating  a  lead  salt  with  sulphuric  acid  or  a  soluble 
sulphate.  If  a  layer  of  water  be  poured  on  to  a  saturated 
solution  of  potassium  sulphate,  and  a  platinum  wire  on  which 
some  lead  chloride  has  been  fused  allowed  to  dip  into  the  water, 
crystals  of  lead  sulphate  are  gradually  formed.^  It  may  also 
be  formed  by  the  action  of  sulphur  dioxide  on  lead  peroxide.® 
Lead  sulphate  has  a  specific  gravity  of  6'2  to  6'3.  It  melts  at 
about  1100°  without  decomposition.  One  part  of  the  salt 
dissolves  in  21,739  parts  of  cold  water,  12,135  parts  according 
to  Schnal,'^  and  in  36,504  parts  of  dilute  sulphuric  acid,  whilst 
concentrated  sulphuric  acid  can  take  up  about  6  per  cent,  of 
the  compound.  It  also  dissolves  in  warm  ammonia  and  caustic 
potash,  and  in  hot  hydrochloric  acid  with  formation  of  lead 
chloride.  Sulphate  of  lead  is  likewise  very  readily  soluble 
in  ammoniacal  salts,  especially  in  the  acetate;  calcium  acetate 
and  many  other  salts  also  dissolve  it. 

When  lead  sulphate  is  boiled  with  concentrated  sulphuric  acid, 
it  is  dissolved  and  is  afterwards  deposited  in  crystals,  and  if  the 
mother-liquor   be  allowed  to  stand  in  contact  with  moist  air 

1  J.  pr.  Ghem.,  1836,  7,  27. 

==  Compt.  reiid.,  1892,  114,  299. 

3  Lenher,  J.  Amer.  Chem.  Soc. ,  1895,  17,  511  ;  1901,  23,  680. 

''  Bodroux,  Compt.  rend.,  1900,  130,  1397. 

5  Manross,  Annalen,  1852,  82,  360. 

"  Marino,  Zeit.  anorg.  Chem.,  1907,  56,  233. 

'  Compt.  rend.,  1909,  148,  1394. 
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crystals  of  the  acid  sulphate,  PbSO^.HgSO^jH^O,  similar  to  those 
of  the  corresponding  barium  salt,  are  formed. 

When  the  normal   salt  is  treated  with  ammonia  the   basic 

sulphate  Pb^SOs  or  0<p^'q>S02  is  formed.      The  same  salt 

is  obtained  in  microscopic  needles  when  an  excess  of  a  hot  solu- 
tion of  sodium  sulphate  is  added  to  basic  lead  formate  (Barfoed). 
The  basic  sulphates,  PbSO^,2PbO  and  PbSO^.SPbO,  also  prob- 
ably exist.^ 

Lead  Persidphate,  Pb(S0^)2,  is  obtained  at  the  anode  as  a 
greenish-yellow,  crystalline  precipitate  when  a  solution  of  sul- 
phuric acid  is  electrolysed  below  30°  with  an  anode  of  lead  placed 
in  a  porous  pot.  It  is  decomposed  by  water  with  formation  of 
sulphuric  acid  and  lead  dioxide,  and  is  a  powerful  oxidising  agent.^ 

Lead  and  Nitrogen  and  Phosphorus. 

408  Lead  Imide,  PbNH,  is  obtained  by  the  action  of  potass- 
amide  on  lead  iodide  in  liquid  ammonia,  and  is  a  reddish-brown 
explosive  substance.  If  the  lead  iodide  be  in  excess  the  white 
basic  salt  NPb.2l,NH3  is  obtained.^ 

Lead  Nitrite,  PKNOj)^. — This  substance  is  most  readily 
obtained  by  decomposing  silver  nitrite  with  lead  chloride 
and  concentrating  the  solution  in  a  vacuum,  when  yellow 
prisms  separate  out,  which  are  easily  soluble  in  water.  On 
evaporating  the  solution,  nitric  oxide  is  evolved,  and  a 
basic  salt  remains  behind.  If  lead  nitrate  be  digested  with 
water  in  contact  with  finely-divided  metallic  lead  for  a  few 
hours  at  a  temperature  of  75°,  a  yellow  solution  is  formed, 
which  on  cooling  deposits  the  basic  double  salt,  Pb(N03)0H, 
Pb(N02)0H,  in  glittering  yellow  plates.  Proust,  who  first 
obtained  this  compound,  considered  it  to  be  a  nitrate  of  a 
suboxide  of  lead,  whilst  Berzelius  viewed  it  as  a  simple  basic 
nitrite.  If  its  solution  be  boiled  with  metallic  lead  and  a  large 
quantity  of  water,  orange-yellow  prisms  separate  out  on  cooling, 
having  the  composition  Pb(N02)2,Pb(N03)2,5PbO,3H20.  This 
salt  was  formerly  termed  lead  hyponitrate.  If  lead  nitrate  be 
boiled  with  one  and  a  half  times  its  weight  of  lead,  and  fifty 
times  its  weight  of  water  for  twelve  hours  in  a  long-necked  flask, 

1  Sohenck  and  Rassbaoh,  Ber.,  1908,  41,  2917. 

2  Elbs  and  Fischer,  Zeit.  Elektrochem. ,  1900,  7,  343. 

3  Franklin,  /.  Amer.  Chem.  Soc,  1905,  27,  820. 

VOL.  II.  ^  ^ 


898  LEAD 

pale  red  needles  of  basic  nitrite  of  lead,  Pb(N02)2,3Pt>0,H20, 
are  formed.     Other  basic  nitrites  of  lead  are  known.^ 

Lead  Nitrate  Pb(N03)2. — Lead  nitrate  is  first  mentioned 
in  the  Alchymia  of  Libavius.  It  is  here  termed  calx  plumb, 
dulcis.  "  Fit  per  aquam  fortem  comminuto  plumbo  affusam 
vase  in  aqua  frigida  locate.  Fit  instar  crystallorum."  Lead 
dissolves  slowly  in  warm  dilute  nitric  acid.  Lead  nitrate,  or 
lead  saltpetre  as  it  is  sometimes  called,  is  prepared  on  the  large 
scale  by  dissolving  lead  scale  or  litharge  in  hot  dilute  nitric  acid, 
having  a  specific  gravity  of  1"35.  The  solution  is  evaporated 
until  it  attains  a  specific  gravity  of  1"6,  and  is  then  allowed  to 
cool  in  earthenware  vessels,  when  the  salt  separates  out  in  milk- 
white  regular  octahedra  exhibiting  a  combination  of  the 
regular  dodecahedron.  If  a  cold  solution  of  the  salt  be  allowed 
to  undergo  spontaneous  evaporation,  transparent  octahedral 
crystals  are  formed  (Knop).  It  has  a  specific  gravity  of  4'5, 
and  on  dissolving  in  water  gives  rise  to  a  reduction  of 
temperature ;  100  parts  of  water  dissolve,  according  to  Mulder, 
as  follows : 

At  0°  10°        20°         40°         60°         80°         100° 

PKNOs)^    36-5     44-4     52-3     69-4    88-0     107'6     127-0 

It  scarcely  dissolves  in  strong  alcohol  and  is  only  slightly  solu- 
ble in  aqueous  alcohol.  Its  aqueous  solution  is  precipitated  by 
nitric  acid.  It  has  an  astringent  metallic  taste,  decrepitates 
when  heated,  detonates  with  brilliant  sparks  when  thrown  upon 
red-hot  charcoal,  and  deflagrates  when  triturated  with  sulphur. 
When  heated  in  a  sealed  tube  at  357°  it  decomposes  partially 
according  to  the  equation :  ^ 

PbCNOa)^  ^  PbO-l-0  +  2N02. 
The  salt  is  largely  used  in  dyeing  and  calico-printing,  for  the 
preparation  of  mordants,  and  for  the  preparation  of  chrome- 
yellow. 

When  the  normal  salt  is  boiled  with  an  equal  weight  of 
lead  oxide  and  water,  crystals  of  a  basic  nitrate,  Pb(N03)0H, 
are  thrown  down  on  cooling.  These  are  sparingly  soluble  in 
cold  and  more  readily  soluble  in  hot  water.  When  gently 
heated  it  is  converted  into  red  lead.  If  a  solution  of  the 
normal  salt  be  precipitated  with  a  slight  excess  of  ammonia,  and 

'  Compare  Chitesotti,  Atti  R.  Accad.  Lincei,  1908,  [v],  17,  ii.,  377  and  474. 
"■  Baekeland,  J.  Amer.  Okem.   Soc,   1904,  26,  391  ;  Morgan,  /.   Physical 
Ohem.,  1904,  8,  416. 
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the  solution  heated  in  a  closed  vessel  with  the  addition  of  some 
of  the  normal  salt  until  the  smell  of  ammonia  has  almost 
disappeared,  a  basic  nitrate  is  formed,  having  the  composition 
2Pb(N03)OH,PbO.  It  is  a  white  powder  slightly  soluble  in 
water.  When  an  excess  of  ammonia  is  employed  the  compound 
Pb(N03)OH,2PbO  is  thrown  down  as  a  white  powder. 

Phosphates  of  Lead. — When  common  sodium  phosphate  is 
precipitated  by  acetate  of  lead  a  white  precipitate  of  normal 
lead  orthophosphate,  Pb3(P04)2,  is  formed.  If  a  boiling  solution 
of  lead  nitrate  be  precipitated  by  phosphoric  acid,  a  glittering 
white  crystalline  precipitate  of  HPbPO^  is  produced,  and  the 
same  compound  is  obtained  in  the  form  of  crystalline  needles 
when  lead  pyrophosphate  is  heated  with  water  to  250°.  The 
pyrophosphate  and  metaphosphate  of  lead  are  white  precipitates. 
The  following  minerals  are  lead  phosphates  and  arsenates 
isomorphous  with  apatite : 

Pyromorphite,  Pb3(POJ.2,Pb2Cl(POJ, 
Polysphserite,  (Pb,Ca)3(POj2,(Pb,Ca)2Cl(POJ, 
Mimetite,  PbgCAsOJa.Pb^CKAsOJ,  and 
Campylite, .  Pb3[(As,P)0  Ja.Pb^ClCC  A  s,P)0  J. 

These  usually  contain  a  portion  of  their  chlorine  replaced  by 
fluorine. 

Borates  of  Lead. — If  boron  trioxide  and  lead  oxide  be  fused 
together  in  the  proportion  of  two  molecules  of  the  former  to  three 
of  the  latter,  a  yellowish  soft  glass  is  obtained,  which  softens 
when  exposed  to  the  action  of  hot  oil.  If  double  the  weight 
of  boron  trioxide  be  employed  the  glass  obtained  is  harder  and 
less  coloured,  and  if  three  times  the  weight  be  used  a  colourless 
glass  is  obtained,  which  possesses  the  hardness  of  flint  glass 
and  refracts  light  much  more  powerfully.^  When  a  lead  salt 
is  precipitated  with  borax,  a  compound  having  the  composition 
Pb2BgOii,4H20  is  formed,  and  this  when  warmed  with  strong 
ammonia  is  converted  into  a  heavy  white  powder  having  the 
composition  'PhBfi^,B.fi,  which  again,  when  boiled  with 
a  solution  of  boric  acid,  yields  an  amorphous  powder  of 
PbB,Oj,4H20. 

Lead  and  Carbon  and  Silicon. 

409  Carbonates  of  Lead. — Normal,  Lead  Carbonate,  PbC03, 
occurs  as  cerussite  or  white  carbonate  of  lead  in  rhombic  crystals 

'  Faradaj-,  "  On  the  Manufacture  of  Optical  Glass,"  Phil.  Trans.,  1830, 
120,  1. 
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isomorphous  with  aragonite,  and  also  as  pseudomorplis  of  galena 
and  lead  sulphate.  The  same  compound  is  formed  by  precipi- 
tating a  cold  solution  of  lead  acetate  by  ammonium  carbonate 
(Berzelius),  or  by  passing  carbon  dioxide  into  a  dilute  solution 
of  lead  acetate  (Rose).  Cerussite  forms  colourless,  transparent, 
lustrous  crystals,  having  a  specific  gravity  of  6"46,  whilst  the 
precipitated  carbonate  has  a  specific  gravity  of  6  "43.  It  is 
scarcely  soluble  in  water,  one  part  dissolving  in  50,500  parts  of 
water  at  the  ordinary  temperature,  but  in  presence  of  ammoniacal 
salts  it  is  somewhat  more  soluble  (Fresenius).  A  solution  of 
carbon  dioxide  in  water  also  dissolves  it  slowly. 

Lead  forms  several  basic  carbonates,  among  which  white 
lead  is  the  most  important,  since  it  is  manufactured  on  a  very 
large  scale.  In  the  pure  state  this  compound  consists  of 
2PbC03,Pb(OH)2,  but  the  commercial  product  usually  con- 
tains the  normal  carbonate  in  addition. 

White  Lead  has  long  been  known,  being  called  yjnf^vdiov  by 
Theophrastus.  The  process  of  manufacture  as  described  by  him 
consisted  in  the  action  of  vinegar  on  lead,  the  material  formed 
being  scraped  off  after  a  time  from  the  surface  of  the  metal. 
Pliny  mentions  the  same  subject  under  the  name  of  cerussa 
and  describes  the  above  method  of  manufacture.  He  also  states 
that  it  may  be  obtained  by  dissolving  lead  in  vinegar  and  evaporat- 
ing to  dryness.  Thus  it  would  appear  that  the  difference  be- 
tween white  lead  and  sugar  of  lead  was  not  known.  The  Latin 
Geber  describes  the  manufacture  as  follows:  "plumbum ponendo 
super  vaporem  aceti  fit  cerussa,"  a  description  which  accords 
with  the  method  employed  even  up  to  the  present  day.  For 
some  time  white  lead  was  supposed  to  be  a  compound  of  calx 
of  lead  with  vinegar,  and  it  was  not  until  1774  that  Bergman 
showed  that  white  lead  contained  lead  calx  and  fixed  air,  and 
gave  to  it  the  name  of  "  luftsaurer  blei-kalk  "  or  "  calx  plumbi 
torata." 

The  oldest  process  for  the  manufacture  of  white  lead  is  known 
as  the  Didch process.  In  this  method  conical  glazed  earthenware 
pots,  8  inches  wide,  are  filled  to  one-fourth  of  their  depth  with 
malt  vinegar.  At  one-third  of  the  height  of  the  pot  from  the 
bottom  are  three  projecting  points  on  which  a  crosspiece  of 
wood  is  laid,  and  on  this  are  placed  vertically  a  number  of  thin 
leaden  plates  rolled  up  into  a  spiral,  and  the  whole  covered  with 
a  leaden  plate,  which  often  has  holes  punched  in  it.  The  pots 
are  then  placed  under  a  shed  in  rows  upon  horse  dung  or  spent 
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tannery  bark  and  covered  with  boards ;  another  layer  of  dung 
or  decomposing  bark  is  laid  upon  the  boards,  and  on  this  another 
row  of  pots,  many  rows  of  pots  being  thus  placed  above  one 
another,  and  the  whole  covered  by  the  tan  or  dung.  By  the 
slow  oxidation  of  the  dung  heat  is  evolved,  which  assists  the 
evaporation  of  the  vinegar  and  causes  basic  lead  acetate  to  be 
formed,  and  this  in  contact  with  the  carbon  dioxide  evolved 
from  the  putrefaction  of  the  organic  matter  is  converted  into 
white  lead.  In  the  course  of  from  four  to  five  weeks  the 
greater  portion  of  the  lead  is  converted  into  white  lead,  the 
change  taking  place  from  without  inwards.  The  white  lead  is 
then  detached,  ground  into  a  fine  paste  whilst  moist,  washed 
well  to  free  it  from  adhering  acetate,  and  dried  in  small  round 
pots.  Unwashed  white  lead  contains  a  considerable  quantity 
(ft'om  2  to  12  per  cent.)  of  the  normal  acetate. 

To  reduce  the  risk  of  poisoning  attending  the  drying  of  the 
white  lead  pulp,  formed  by  the  treatment  of  the  corroded  lead 
with  water,  it  is  customary  in  some  works  to  dry  the  pulp  in 
ovens  in  which  a  vacuum  is  maintained.  A  further  improve- 
ment, applicable  in  the  manufacture  of  paint,  is  that  described 
by  Ismay  (EngHsh  Patent  23969,  1895)  in  which  the  white  lead 
pulp  is  mixed  with  oil  in  a  pug  mill ;  in  this  way  the  greater 
portion  of  the  water  is  displaced  by  the  oil,  and  the  last  portion 
is  driven  off  from  the  paint  by  surrounding  the  mill  with 
a  heating  jacket  so  arranged  that  the  contents  are  heated  in  a 
partial  vacuum.  In  this  way  the  use  of  drying  stoves  and  the 
dangers  attending  it  are  completely  obviated. 

According  to  the  German  method  of  manufacture,  plates  of  lead 
are  hung  up  in  wooden  boxes  placed  in  an  atmosphere  of  carbon 
dioxide  in  heated  chambers  containing  a  stratum  of  acetic  acid, 
or  the  plates  are  suspended  in  heated  chambers  having  their 
floors  covered  with  tan  and  acetic  acid. 

The  French  method,  introduced  by  Thenard,  and  the  English 
method,  suggested  by  Benson,  do  not  furnish  a  white  lead  which 
possesses  the  same  covering  power  as  that  prepared  by  the 
other  methods.  The  process  in  these  cases  consists  in  passing 
carbon  dioxide  through  a  solution  of  a  basic  acetate  of  lead, 
obtained  by  boiling  a  solution  of  lead  acetate  with  litharge. 

Another  method,  which  yields  a  white  lead  of  excellent 
covering  power,  is  the  process  patented  by  Dale  and  Milner. 
This  consists  in  carefully  grinding  between  millstones  a  mix- 
ture of  litharge,  or  any  insoluble  basic  lead  salt,  with  water  and 
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sodium  bicarbonate.  Milner  has  improved  upon  this  method 
by  grinding  a  mixture  of  4  parts  of  finely-divided  litharge  with 
1  part  of  common  salt  and  16  parts  of  water.  After  about  4| 
hours  the  reaction  is  complete.  The  mixture  of  basic  lead 
chloride  and  caustic  soda  is  then  brought  into  a  leaden  vessel, 
well  stirred  with  a  wooden  pestle  and  a  current  of  carbon  dioxide 
passed  through  it  until  the  liquid  is  neutral.  If  the  carbon 
dioxide  be  passed  in  too  long  the  product  is  spoiled.^ 

Another  process,  called,  after  its  discoverer,  the  Bischof 
process,  is  now  employed  on  a  large  scale  at  Mond's  works 
at  Brimsdown  in  Middlesex.^  Metallic  lead  is  converted 
into  litharge,  and  the  latter  is  heated  at  250-300°  in  a  stream 
of  water  gas.  It  is  thereby  reduced  to  a  black  suboxide  of 
unknown  composition,  and  this  is  treated  with  water,  when  a 
yellow  hydrate  is  formed  with  evolution  of  heat,  which  is  further 
converted  into  white  lead  by  treatment  with  carbon  dioxide. 
This  process,  besides  being  rapidly  completed,  has  the  advantage 
of  being  carried  out  mechanically,  and  in  such  a  manner  that 
there  is  no  dust,  and  thus  a  great  source  of  danger  to  the 
workers  is  avoided.  The  product  has  a  composition  practically 
identical  with  that  formed  by  the  German  process. 

Several  electrolytic  processes  have  been  proposed,  but  only  a 
very  small  amount  of  white  lead  is  produced  by  this  means.' 

White  lead  is  a  white,  earthy,  heavy,  amorphous  powder 
which  appears  under  the  microscope  to  consist  of  round  trans- 
parent globules  of  the  size  of  from  O'OOOOl  to  0-00004i  of  an  inch 
in  diameter.  The  specific  gravity  of  that  prepared  by  the 
Dutch  method  is  somewhat  greater  than  that  prepared  by  the 
French  method,  and  it  therefore  absorbs  less  oil  or  varnish  and 
gives  rise  to  a  thicker  colour. 

Although  it  acts  as  a  powerful  poison,  and  is  turned  black  by 
sulphuretted  hydrogen,  ^^'hite  lead  is  still  almost  exclusively 
used  as  the  basis  of  paint,  and  has  been  replaced  only  to  a  very 
small  extent  by  zinc-white  or  baryta-white.  This  is  accounted 
for  by  the  fact  that  it  possesses  a  much  greater  covering  power 
and  is  much  more  opaque  than  either  of  the  other  two. 

White  lead  is  often  mixed  with  heavy-spar  and  gypsum.  A 
mixture  of  equal  parts  of  white  lead  and  barium  sulphate  is 

1  Patent  No.  4,053 ;  22nd  November,  1875. 

2  Caro,  Verh.  des  Vereins  zur  Beforderung  des  Gemerhfieisses,  Berlin,  1906. 

■*  Luckow,  D.  R.  P.,  91707  and  105143;  Browne  and  Chaplin  U.  S.  P., 
1895,  551361  and  1896,  555232. 
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known  as  Venetian  white,  whilst  Hamburg  white  is  a  mixture  of 
one  part  of  white  lead  to  two  of  barium  sulphate,  and  Dutch 
■white  of  one  part  to  three  of  barium  sulphate.  The  amount  of 
this  admixture  may  be  readily  ascertained  by  treating  a  weighed 
portion  of  the  powder  with  warm  dilute  nitric  acid,  when  the 
barium  sulphate  remains  behind. 

Lead  Cyanide,  Pb(CN)2,  is  obtained  as  a  white  powder  when 
a  solution  of  a  normal  lead  salt  is  mixed  with  potassium  cyanide. 
It  is  not  soluble  in  the  cyanides  of  the  alkali  metals  and  is 
decomposed  on  the  addition  of  an  acid.  When  heated  in  a 
closed  vessel  a  mixture  of  lead  and  charcoal  remains  behind 
which,  if  it  has  not  been  too  strongly  heated,  is  pyrophoric. 

Lead  Gyanafe,  Pb(CN0)2,  is  obtained  by  mixing  solutions  of  a 
cyanate  and  of  a  soluble  lead  salt.  A  dense  white  precipitate  is 
thrown  down,  which  soon  assumes  the  form  of  slender  needles 
like  chloride  of  lead.  Under  the  action  of  boiling  water  lead 
cyanate  is  readily  and  quantitatively  hydrolysed  into  lead 
carbonate  and  urea.^ 

Silicates  of  Lead. — Silica  fuses  with  lead  oxide  to  form  a 
yellow  glass,  and  silicates  obtained  by  "  fritting "  lead  oxide 
with  silicious  material  are  used  by  potters  for  preparing  glazes. 
Glass  formed  of  equal  parts  of  lead  oxide  and  silica  does  not 
become  dull  when  it  is  exposed  to  the  action  of  sulphuretted 
hydrogen,  but  if  8  parts  of  the  glass  are  fused  with  one  part  of 
potash,  the  glass  produced  becomes  tarnished  on  exposure.^  In 
a  similar  manner  it  has  been  found  by  Thorpe  and  Simmonds  ^ 
that  the  extent  to  which  lead  silicates  are  attacked  by  dilute 
hydrochloric  acid  depends  upon  the  proportion  of  acidic  to  basic 
oxides  present.  When  there  are  present  in  the  silicate  two  or 
more  molecules  of  acidic  oxides  to  one  of  basic  oxide,  dilute 
acid  dissolves  out  very  little  lead,  whereas  when  this  proportion 
falls  below  two,  the  silicates  are  readily  attacked.  Lead  silicate 
forms  a  constituent  of  flint  glass.  The  existence  of  the  definite 
compounds  2PbO,Si02  and  PbO.SiOg  has  been  proved  by 
various  methods  of  investigation,  and  the  existence  of  the 
compound  3PbO,2Si03  is  probable.* 

1  Gumming,  Journ.  Chem.  Soc,  1903,  83,  1391. 

2  Faraday,  "On  the  Manufacture  of  Optical  Glass,"  Phil.  Trans.,  1830, 
120,  1. 

3  Journ.  Chem.  Soc,  1901,  79,  791. 

■•  Hilpert  and  Weiller,  Ber.,  1909,  42,  2969 ;  Cooper,  Shaw  &Loomis,  ibid., 
3991;  Hilpert  and  Nacker,  ibid.,  1910,  43,  2565;  Cooper,  Kraus  &  Klein, 
Amer.  Chem.  J.,  1912,  47,  273. 
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Poisonous  Action  of  Lead  Salts. 

410  The  soluble  lead  salts  are  strongly  poisonous  and  are  em- 
ployed in  medicine.  The  normal  or  basic  acetate  given  in  doses 
containing  1  to  4  grams  of  lead  mostly  produces  symptoms  of 
acute  lead  poisoning,  whilst  10  grams  is  said  to  be  a  fatal  dose. 

When  taken  for  a  considerable  time  in  small  doses,  especially 
in  the  case  of  the  oxides  and  carbonates,  chronic  lead  poisoning 
is  observed.'  The  disease  called  painters'  colic  is  the  chronic 
form  of  poisoning  by  carbonate  of  lead.  The  symptoms  are 
pain  in  the  abdomen,  constipation,  loss  of  appetite,  thirst,  and 
general  emaciation,  followed  by  a  complex  of  nervous  symptoms 
known  as  lead-palsy,  epileptic  fits,  and  total  paralysis. 

A  very  characteristic  phenomenon  accompanying  chronic  lead 
poisoning  is  the  appearance  of  a  blue  line  at  the  edges  of  the 
gums  due  to  the  deposition  of  lead  sulphide.  This  line  is  often 
seen  in  the  case  of  house-painters  and  the  workmen  engaged  in 
white  lead  works,  as  well  as  those  occupied  in  manufactures  in 
which  white  lead  is  employed,  as,  for  instance,  in  the  manufac- 
ture of  glazed  cards.  Plumbers  and  others  who  have  to  handle 
metallic  lead  are  also  subject  to  lead  poisoning. 

A  serious  source  of  lead  poisoning  is  the  material  used  by 
potters  for  compounding  their  glazes.  This  generally  consists 
of  litharge,  white  lead,  and  red  lead,  which  are  readily  dissolved 
bj^  the  acids  of  the  gastric  juice,  and  the  use  of  suitable  lead 
silicates  has  been  suggested  in  place  of  these  substances.^ 


The  Action  of  Water  upon  Lead. 

411  Since  lead  acts  as  a  cumulative  poison,  its  salts  produce 
serious  results  if  taken  into  the  system  even  in  very  minute 
quantities  for  a  length  of  time.  Drinking  water  is  often  collected 
in  lead-lined  cisterns  and  passes  through  leaden  pipes,  and  as 
water  in  certain  circumstances  can  take  up  notable  quan- 
tities of  lead  it  becomes  of  great  importance  to  determine  the 
conditions  under  which  the  solvent  action  is  exerted.  A  fresh 
bright  surface  of  lead  does  not  tarnish  in  a  perfectly  dry 
atmosphere  nor  when  sealed  up  in  a  vessel  filled  with  pure 
distilled  water  from  which  all  air  has  been  expelled  by  boiling. 

^  Thorpe  and  Simraonds,  Journ.  Chem.  Soc,  1901,  79,  791. 
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If,  however,  it  be  exposed  to  the  united  action  of  air  and  water 
the  lead  is  oxidised  to  hydroxide,  which  dissolves.  After  a 
time,  this  is  converted  by  the  action  of  the  atmospheric  carbon 
dioxide  into  an  insoluble  basic  carbonate.  Lead  hydroxide  is  then 
again  formed,  and  thus  the  corrosive  action  may  be  continued. 

Potable  waters  always  contain  a  certain  amount  of  salts  in 
solution  and  the  corrosive  action  on  lead  depends  upon  the 
nature  and  quantity  of  the  salts  thus  present.  The  ammoni- 
acal  salts  act  most  prejudicially  on  water  in  this  respect ;  this  is 
especially  the  case  with  ammonium  nitrate,  which  greatly  assists 
the  oxidation  and  solution  of  the  lead.  Other  nitrates  do  not, 
however,  appear  to  possess  this  power,  and  sulphates,  phosphates, 
carbonates,  and  silicates  either  retard  or  altogether  prevent  this 
action,  and  hence  water  containing  carbonic  acid  in  solution  or 
temporarily  hard  water  consisting  of  a  solution  of  calcium  car- 
bonate in  carbonic  acid  gives  rise  to  the  formation  of  insoluble 
basic  lead  carbonate  ^ ;  if,  however,  an  excess  of  carbon  dioxide 
be  present,  this  is  dissolved,  the  water  taking  up  lead  in  consider- 
able quantity. 

The  following  table  (p.  906)  contains  the  results  of  experi- 
ments on  the  solubility  of  lead  in  water  containing  various 
salts  in  solution.  Bright  plates  of  lead  having  a  surface  of 
5,600  sq.  mm.  were  placed  in  flasks  containing  500  c.c.  of  water 
in  which  the  salts  were  dissolved,  and  the  saline  solutions 
allowed  to  act  upon  the  lead  for  different  periods  of  time.^ 

Many  potable  waters  act  as  a  solvent  of  lead,  especially 
waters  of  a  peaty  nature  which  contain  organic  acids  (ulmic  and 
humic  acids)  and  waters  containing  little  or  no  free  carbonic  acid, 
and  destitute  of  calcium  and  magnesium  salts.  Occasionally 
otherwise  pure  waters  are  found  to  contain  a  trace  of  free 
sulphuric  acid  sufficient  to  render  the  water  plumbo-solvent  and 
liable  to  cause  lead  poisoning. 

Epidemics  of  lead  poisoning  from  such  sources  have 
necessitated  the  treatment  of  the  water  by  the  addition  of 
calcium  carbonate  (precipitated  chalk)  alone,  if  such  water 
contains  sufficient  free  carbonic  acid  to  enable  1'5  grains 
CaCOg  per  gallon  to  be  dissolved,  or  if  the  water  will   not 

1  See  also  Antony  and  Benelli,  Gazz.,  1896,  26,  ii.,  97  ;  1898,  28,  ii.,  135. 

2  Muir,  Proc.  Manch.  Phil.  Soc,  1875,  15,  31;  Joum.  Chem.  Soc,  1877,  i., 
660.  Sec  also  Carnelley  and  Frew,  /.  Soc.  Chem.  hid.,  1888,  7,  15,  78; 
Reichardt,  Arch.  Pharm.,  1887,  [3],  25,  858,  1059;  Muller,  J.  pr.  Chem., 
1887,  [2],  36,  317. 
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dissolve  this  amount,  the  addition  of  from   1  to  6  grains  of 
sodium  carbonate  (NagCOg)  per  gallon  also. 


Salt. 


Grams  per 
Litre. 


Milligrams  per  Litre  of  Lead 
dissolved. 


24  hours,      48  hours.      72  hours. 


NH.NOg 

KNOg  . 

NaNOg  . 
KNO3  . 
K,SO,  . 
KNOg  . 
K2CO3  . 
CaCl.,  . 
NH.NOg 
CaCU  . 
Na^Sb,  . 
K2CO3  . 
CaCl,  .  . 
K^CO,    . 


0-02 
004 
0-02 
005 
0-07 
0-60 
0  045 
0-308 
0-25 
0-02 
0-06 
0-02 
004 
1-10 
0-31 
Distilled  water  with  car- 
bon dioxide  at  ordinary 

pressure    

Ditto  with  carbon  dioxide 
at   a  pressure    of  about 
6  atmospheres      .    .    .    .  ^ 
Distilled  water 


130 
15-0 

20 


0-5 


30 

14-8 
20 


20 


0-5 


24-0 
2-0 


250 
32'0 


0-5 

0-3 
0-5 


0-1 
0-2 

30 


3-0 


In  testing  for  the  presence  of  lead  in  water  it  is  important  to 
avoid  any  form  of  filtration  inasmuch  as  lead  salts  mordant 
with  the  filtering  paper,  and  only  a  small  amount  of  the 
original  soluble  lead  is  found  in  the  filtratfe. 


Detection  and  Estimation  of  Lead. 

412  The  soluble  lead  salts  possess  a  sweet  astringent  taste, 
whence  the  name  "  sugar  of  lead  "  has  been  given  to  the  acetate, 
Snd  are  very  poisonous.  These  two  properties  of  the  lead  com- 
pounds have  been  long  known,  and  it  became  in  early  times  of 
importance  to  detect  the  presence  of  lead,  inasmuch  as  the  com- 
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pounds  of  this  metal  were  largely  employed  for  a  great  variety 
of  purposes.  Thus,  for  instance,  the  Romans  were  in  the  habit 
of  boiling  their  poor  wines  in  leaden  vessels,  and  Pliny  mentions 
the  fact  that  the  point  at  which  the  wine  becomes  sour  can  be 
detected  by  hanging  a  strip  of  lead  in  it  and  then  observing 
when  this  undergoes  any  change  in  its  appearance.  In  later 
times  the  addition  of  metallic  lead  to  a  cask  of  sour  wine  was 
said  to  render  it  drinkable.  At  a  still  later  date,  litharge 
appears  to  have  been  employed  for  the  same  purpose.  It  was 
observed  that  the  treatment  of  wine  with  lead  could  be  detected 
by  the  addition  of  sulphuric  acid,  and  in  1707  Zeller  suggested  . 
that  an  extract  of  orpiment  and  lime  water  (containing,  there- 
fore, sulphide  of  calcium)  was  an  invaluable  test  for  the  presence 
of  lead,  inasmuch  as  this  liquid  turns  all  lead  salts  black.  This 
reaction  led  to  the  simultaneous  suggestion,  in  1787,  by  Four- 
croy  and  Hahnemann,  of  the  application  of  water  acidified  with 
hydrochloric  acid  and  then  saturated  with  sulphuretted  hydro- 
gen for  the  detection  of  lead,  and  thus  the  most  important 
reagent  which  we  now  employ  in  analytical  chemistry  for  the 
detection  and  separation  of  the  metals  was  introduced. 

Potable  water  may  be  examined  in  this  way  for  lead  by  pass- 
ing sulphuretted  hydrogen  through  water  slightly  acidified  with 
hydrochloric  acid.  It  is,  however,  to  be  remembered  that 
many  other  metals,  such  as  mercury,  copper,  and  bismuth,  also 
produce  black  precipitates.  The  absence  of  these  metals  must, 
therefore,  be  ascertained  before  the  presence  of  lead  can  be 
certainly  proved.  Black  lead  sulphide  can  be  readily  distin- 
guished from  other  black  sulphides  insoluble  in  dilute  hydro- 
chloric acid  by  dissolving  it  in  warm  dilute  nitric  acid  and 
filtering  the  solution  ;  on  addition  of  sulphuric  acid  to  the 
filtrate,  from  which  the  excess  of  acid  should  be  removed  by 
evaporation,  a  white  precipitate  of  lead  sulphate  is  obtained. 
By  means  of  this  reaction  lead  may  be  detected  in  the  presence 
of  all  the  other  metals  and  separated  from  them.  Lead  com- 
pounds, heated  before  the  blo%vpipe  on  charcoal,  yield  a  malle- 
able bead  of  lead  readily  soluble  in  warm  nitric  acid,  and  the 
solution  yields  a  precipitate  with  sulphuric  acid. 

Another  characteristic  test  for  lead  is,  that  when  present  in 
not  too  dilute  solution,  a  crystalline  precipitate  of  the  chloride 
is  obtained  on  the  addition  of  hydrochloric  acid.  This  is 
soluble  in  boiling  water,  and  separates  out  on  cooling  in  crystal- 
line needles.     Potassium  chromate  gives,  in  the  presence  of  free 
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nitric  acid,  a  fine  yellow  precipitate  of  chrome  yellow,  PbCrO^. 
In  order  to  detect  small  quantities  of  lead  in  presence  of  large 
masses  of  organic  matter,  as  is  necessary  in  cases  of  lead 
poisoning,  the  mass  is  evaporated  to  dryness,  with  sodium  car- 
bonate, the  residue  ignited  gently,  and  the  carbonised  mass 
rubbed  fine  and  carefully  lixiviated,  when  small  glittering  heavy 
spiculiB  of  metallic  lead  remain  behind.  These  can  be  exam- 
ined as  already  described. 

Lead  is  easily  estimated  gravimetrically  in  the  form  of  sul- 
phate, being  precipitated  by  adding  dilute  sulphuric  acid  and 
then  two  volumes  of  absolute  alcohol.  For  certain  separations 
lead  is  also  estimated  as  the  chloride.  In  this  case  the  solution 
is  precipitated  by  hydrochloric  acid,  evaporated  on  a  water-bath 
and  the  concentrated  liquid  treated  with  a  mixture  of  ether  and 
alcohol,  in  which  the  chloride  is  insoluble.  Lead  carbonate  and 
lead  oxalate  are  also  occasionally  used  for  the  estimation  of  lead, 
and  these  precipitates  are  then  converted  by  ignition  into  lead 
oxide. 

Volumetrically,  lead  is  generally  determined  by  the  titration 
of  the  solution  of  lead  sulphate  in  ammonium  acetate  solution 
with  a  standard  solution  of  ammonium  molybdate,  the  end 
point  being  detected  on  a  spot  plate  by  means  of  tannin 
solution. 

Lead  is  also  estimated  electrolytically.  When  a  solution  of 
lead  salt  to  which  5  to  7  per  cent,  of  nitric  acid  has  been  added 
is  electrolysed,  lead  peroxide  is  deposited  at  the  anode. 

Lead  compounds  impart  a  pale  tint  to  the  non-luminous  gas- 
flame  and  this  exhibits  characteristic  lines  in  the  green 
(Werther).  The  spark  spectrum  of  lead  contains  a  large 
number  of  lines  between  the  orange  and  violet.  The  brightest 
and  most  characteristic  of  these  are  a  violet  line  (4058),  a  some- 
what less  bright  one  in  the  green  (5608),  and  a  fainter  one 
lying  near  the  less  refrangible  of  the  "  D  "  lines  of  Fraunhofer 
(5875)  (Lecoq  de  Boisbaudran). 

The  Atomic  Weight  of  lead  was  determined  by  Berzelius,^  by 
the  reduction  of  pure  lead  oxide  in  hydrogen,  his  results  giving 
the  number  207 '06  ;  later,^  during  his  experimental  work  on 
the  determination  of  the  atomic  weight  of  sulphur,  he  converted 
lead  first  into  nitrate  and  then  into  sulphate,  and  from  his 
results  the  number  20696  is  obtained.     Turner ^  by  a  similar 

1  Lehrbuch,  3,  1218.         ^  Lehrhuch,  5th  ed.,  3,  1187. 
3  Phil.  Trans.,  18.33,  123,  527. 
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method  obtained  207-04,  and  Stas  *  206-92.  Baxter  and  Wilson  ^ 
have  more  recently  determined  the  atomic  weight  by 
analyses  of  lead  chloride  which  had  been  previously  fused  in 
an  atmosphere  of  hydrogen  chloride;  from  the  ratio  of  lead 
chloride  to  silver,  the  number  207'088  is  obtained,  and  from  the 
ratio  to  silver  chloride,  207-096  is  obtained.  The  number  now 
(1913)  adopted  is  207-1. 

■»  Bull.  Acad.  roy.  Belg.,  1860,  [2],  10,  298. 
5  J.  Amer.  Chem.  Soc,  1907,  30,  187. 
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GROUP    V. 

Sul-group  (a).  Suh-grov.p  (b). 

Nitrogen.  Phosphorus. 

Vanadium.  Arsenic. 

Columbium  (Niobium).  Antimony. 
Tantalum.  Bismuth. 

413  As  in  the  preceding  group  (p.  804),  the  members  of  the 
two  sub-groups  resemble  one  another,  especially  in  chemical 
properties,  very  closely,  although  they  differ  in  certain  respects. 

All  the  elements  of  the  group  are  characterised  by  the 
existence  of  acid-forming  oxides  of  the  empirical  formula  Bifi., 
the  acidity  of  the  resulting  acid  diminishing  as  the  atomic 
weight  of  the  element  rises.  Thus  it  is  doubtful  whether  any 
salts  of  bismuthic  acid  exist,  whereas  the  vanadates,  arsenates, 
&c.,  are  well-defined  and  stable  salts. 

The  three  elements,  vanadium,  columbium,  and  tantalum, 
which,  together  with  nitrogen,  belong  to  the  even  series, 
combine  so  readily  with  oxygen  that  it  is  extremely  difficult 
to  obtain  them  in  the  free  state.  They  all  have  a  metallic 
appearance,  and  melt  and  boil  only  at  very  high  temperatures. 
They  moreover  do  not  form  volatile  compounds  with  hydrogen 
or  the  alcohol  radicals. 

The  elements  of  the  odd  series,  phosphorus,  arsenic,  antimony, 
and  bismuth,  on  the  other  hand,  are  easily  reduced  from  their 
oxides,  melt  at  moderate  temperatures,  and  can  all  readily  be 
volatilised.  They  exhibit  in  their  external  characteristics  the 
gradual  passage  from  a  well-marked  non-metallic  element 
(phosphorus)  to  a  well-defined  metal  (bismuth),  and  the  same 
progression  is  to  be  traced  also  in  their  chemical  properties. 
Thus  the  lower  oxide  of  phosphorus,  of  the  empirical  formula 
P2O3,  is  the  anhydride  of  a  well-marked  acid,  but  does  not  yield 
salts,  even  with  strong  acids.  Arsenious  oxide  yields  unstable 
salts  with  strong  acids,  such  as  sulphuric  acid ;  the  correspond- 
ing oxide  of  antimony  yields  more  stable  salts,  and  the  trioxide 
of  bismuth  is  entirely  devoid  of  acid-forming  properties,  and 
reacts  with  acids  to  form  a  whole  series  of  salts  of  the  type  RX'g. 
The  same  increase  in  basicity  is  observable  in  the  sulphides  of 
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these  elements,  and,  as  already  remarked,  in  the  case  of  the 
pentoxides. 

Phosphorus,  arsenic,  and  antimony,  as  well  as  nitrogen,  yield 
very  characteristic  volatile  hydrogen  compounds,  but  no  analo- 
gous derivative  of  bismuth  has  yet  been  prepared.  They  all, 
however,  form  organo-metallic  derivatives. 

The  group  is  further  characterised  by  the  large  number  of 
oxides  and  halogen  derivatives  formed  by  its  members.  In 
many  of  these  the  valency  of  the  elements  varies  considerably. 
They  are  all  distinguished  by  a  tendency  to  form  two  series  of 
compounds  of  the  types  RX'3  and  RX'5  (or  Rj^^S)  ^2^"5)'  ^"*, 
in  addition  to  this,  some  of  them  act  also  as  dyads  and  tetrads. 
Thus  nitrogen  is  divalent  in  nitric  oxide,  NO,  and  tetravalent 
in  nitrogen  peroxide,  NOg,  whilst  vanadium  forms  a  dichloride, 
VCI2,  and  a  tetrachloride,  VCl^. 

The  elements,  nitrogen,  phosphorus,  and  arsenic,  and  their 
chief  derivatives,  have  already  been  described  in  Vol.  I. 
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414  In  1801,  Del  Rio  pointed  out  the  existence  of  a  new 
metal  in  a  lead  ore  found  at  Zimapan,  in  Mexico,^  and  gave  to 
it  the  name  Erythronium,  from  the  fact  that  its  salts  became 
red  when  heated  with  acids.  In  1805,  CoUet-Descotils  ^  ex- 
pressed his  opinion  that  this  supposed  new  metal  was  an  impure 
oxide  of  chromium,  and  Del  Rio  accepted  this  conclusion  as 
correct.  In  1830,  Sefstrom  ^  described  a  new  metal  which  he 
found  in  the  celebrated  iron  of  Taberg,  and  for  this  he  proposed 
the  name  of  Vanadium,  from  Vanadis,  a  cognomen  of  the 
Scandinavian  goddess  Freia.  In  the  same  year  Wohler  *  showed 
that  Del  Rio's  discovery  was  a  true  one,  and  that  the  Zimapan 
ore  was  a  vanadate  of  lead.  Unable  to  carry  out  the  further 
investigation  of  the  new  metal,  Sefstrom  handed  the  materials, 
amounting  only  to  a  few  grams,  to  Berzelius,  and  in  1831  this 
chemist  ^  published  the  results  of  an  exhaustive  investigation 
on  the  subject,  in  which  he  described  a  large  number  of  vana- 
dium compounds,  and  came  to  the  conclusion  that  vanadium 

1  Gilbert's  Ann.,  1801,  71,  7.  ^  Ann.  Chim.  Phys.,  1805,  [1],  53,  260. 

-'  Pogg.  Ann.,  18.TO,  21,  48.  *  Pogg.  Ann.,  1831,  22,  1. 

5  Pogg.  Ann.,  1831,  22,  1. 
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closely  resembled  chromium  and  molybdenum,  yielding,  like 
these  metals,  an  acid-forming  trioxide.  This  view  was  uni- 
versally adopted  until  the  year  1867,  when  Roscoe  showed  that 
the  substance  supposed  by  Berzelius  to  be  vanadium  was,  ac- 
cording to  the  mode  of  its  preparation,  either  an  oxide,  or  a 
nitride ;  that  the  volatile  trichloride  of  Berzelius  contained 
oxygen  and  possessed  a  composition  analogous  to  that  of  phos- 
phorus oxychloride ;  and  that  the  metal,  instead  of  belonging, 
as  was  supposed,  to  the  chromium  group,  was  a  member  of  the 
antimony  group  and  intimately  connected  with  the  nitrogen 
phosphorus,  and  arsenic  family.^ 

415  Vanadium  is  a  somewhat  rare  substance,  forming  an 
essential  constituent  of  only  comparatively  few  scarce  minerals. 
Traces  of  this  element,  are,  however,  tolerably  widely  dis- 
tributed throughout  terrestrial  matter ;  it  is  found  in  meteorites 
of  the  stony  type,^  and  it  exists  in  the  sun. 

The  principal  vanadium  minerals  are  vanadinite,  or  lead 
vanadate,  SPbgCVOJa.PbCl^ ;  dechenite,  (Pb,Zn)(V03)2 ;  de- 
scloizite,  Pb2V207 ;  pucherite,  BiVO^ ;  psittacinite,  (Pb,Cu)3(VO^)2, 
8Cu(OH).,6H20 ;  volborthite,  (Cu,Ca)3(VOj2,H20 ;  roscoelite 
(vanadium  mica)  a  vanadium  muscovite,  containing  the  metal 
as  the  basic  oxide  ^  VgOg ;  mottramite,  (Pb,Cu)3(V04)2,2(Pb,Cu) 

'  A  bibliography  has  been  compiled  by  Praiidtl  (Liepzig,  1906,  Voss). 
More  complete  information  concerning  the  compounds  of  vanadium  may  be 
obtained  from  the  monograph  by  Ephraim  (Stuttgart,  Enke,  1904). 

2  Hasselberg,  K.  Vet.  Akad.  Fork.  Stockholm,  1899,  56,  131. 

"  Hillebrand,  Turner  and  Clarke,  Amer.  J.  Sci.,  1899,  [4],  7,  451.  It 
occurs  in  fairly  large  quantities  associated  with  gold  and  gold  tellurides  in 
Eldorado  Co.  in  California ;  also  in  Colorado  and  at  Kalgoorlie  in  Western 
Australia.  The  following  are  the  analyses  of  roscoelite  from  I.  Granite 
Creek,  Eldorado  Co.,  California,  and  II.  Placer ville,  Colorado  :— 


I. 

II. 

SiOj.                     .    . 

45-17 

46-06 

TiO^     . 

0-78 

— 

V.O3 

24-01 

12-84 

AI2O3 

U-54 

22-55 

Fe^O, 

— 

0-73 

FeO 

1-60 

— 

CaO 

— 

0-44 

BaO 

— - 

1-35 

MgO 

1-64 

0-92 

K2O 

10-37 

8-84 

NajO    ... 

0-06 

0-22 

H2O  (105°)  ... 

0-40 

1-98 

H2O  (above  105°) 

4-29 

4-07 

99-86  100-00 
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(011)2;  sulvanite,  801X28,^^285;  carnotite,  a  potassium  uranium 
vanadate  found  in  Colorado ;  and  patronite,  an  impure  sulphide 
of  vanadium,  which  occurs  in  considerable  quantity  in  Peru. 
Mottramite  has  been  found  in  tolerable  quantity  in  the  copper- 
bearing  beds  of  the  keuper,  worked  at  Alderley  Edge  and 
Mottram  St.  Andrews  in  Oheshire,  and  it  is  from  this  source 
that  the  vanadic  acid  of  commerce  was  at  one  time  obtained, 
it  having  been  for  some  time  manufactured  on  the  large  scale  by 
the  Magnesium  Metal  Oompany  at  Patricroft  near  Manchester. 
Small  amounts  of  vanadium  have  also  been  found  in  a  large 
number  of  clays,  in  trap  and  basalt,^  in  certain  iron  ores, 
especially  magnetite,^  and  cast-iron,  in  larger  quantities  in  the 
slag  from  the  basic  steel  process  at  Oreuzot,  in  rutile,  in  the  ash 
of  trees,  in  certain  coals,  lignites,  and  peats,  and  also  in  soda- 
ash,  as  well  as  in  sodium  phosphate. 

Extraction  and  Preparation  of  the  Vanadium  Gmnpoimds. — 
The  methods  adopted  for  the  preparation  of  vanadium  com- 
pounds from  their  various  sources  depend  upon  the  discovery 
by  Sefstrom  of  an  insoluble  ammonium  metavanadate,  which 
by  repeated  crystallisation  can  be  obtained  free  from  phosphorus 
and  other  impurities. 

In  order  to  prepare  vanadium  salts  from  mottramite,  the 
keuper-sandstone,  which  contains  the  mineral  deposited  as 
a  film  on  the  surface  of  the  grains  of  sand,  is  digested  with 
strong  hydrochloric  acid,  the  acid  liquor  drawn  off  and  the 
sand  well  washed  with  water.  The  acid  solution,  together  with 
the  washings,  is  evaporated  down  with  an  excess  of  ammonium 
chloride,  when  ammonium  metavanadate  separates  out,  and 
this  is  repeatedly  crystallised  to  free  it  from  copper  and  iron. 
The  crude  ammonium  metavanadate  is  then  gently  roasted  in 
porcelain,  by  which  means  the  vanadium  pentoxide  is  obtained 
in  a  tolerably  pure  condition.  In  order  to  purify  this  it  is 
suspended  in  water  and  ammonia  gas  passed  into  the  liquid. 
A  solution  of  ammonium  vanadate  is  thus  formed,  which 
is  separated  by  filtration  from  the  residue  containing  silica, 
phosphates,  &c.,  and  then  crystallised  by  evaporation  in  plati- 
num vessels ;  the  pentoxide  obtained  by  several  repetitions 
of  this  treatment  is  free  from  phosphorus. 

416  Metallic  Vanadium.— EerzeYms  obtained  brilliant  metallic 
scales  by  heating  the  oxytrichloride  in  an  atmosphere  of  ammo- 

1  See  Hillebrand,  Armr.  J.  Sci.,  1898,  (4),  6,  209;  7,  294 

2  See  Pope,  Jouni.  Chem.  Soc,  1900,  78,  ii.  409. 
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nia.  These  do  not,  however,  consist  of  metallic  vanadium,  but 
of  vanadium  nitride.  Pure  metallic  vanadium  was  first  obtained 
by  the  reduction  of  the  dichloride  in  perfectly  pure  hydrogen. 
Although  this  process  appears  simple  enough,  there  is  no  metal 


more  difficult  to  prepare  in  this  way  than  vanadium.  This  arises 
from  the  fact  that  whilst  vanadium  is  stable  at  the  ordinaiy 
atmospheric  temperatures,  it  absorbs  oxygen  at  a  red  heat  with 
the  greatest  avidity,  so  that  every  trace  of  air  or  moisture  must 
be  excluded  during  its  preparation.  Moreover,  the  dichloride 
itself  cannot  be  readily  obtained  in  quantity. 
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For  the  purpose  of  reducing  the  chloride  the  apparatus  shown 
in  Fig.  184  is  employed.  It  consists  of  a  hydrogen  generator 
(a)  yielding  a  stream  of  hydrogen  which  can  be  kept  con- 
stantly passing  through  the  wash-bottles,  day  and  night  for 
a  week  at  a  time,  by  occasionally  adding  fresh  acid  to  the 
upper  bottle  and  drawing  off  the  zinc  sulphate  solution  from 
the  lower  bottle  by  the  caoutchouc  tubing.  The  first  wash- 
bottle  contains  a  solution  of  lead  acetate,  the  second  one  of 
silver  nitrate,  and  the  three  others  contain  boiled  sulphuric 
acid.  In  order  to  remove  any  trace  of  oxygen  which  may  have 
accompanied  the  hydrogen,  arising  either  from  diffusion  or  from 
air  absorbed-  in  the  dilute  acid  used,  a  tube  (cd)  is  attached  to 
the  last  washing-bottle  ;  the  first  portion  of  this  tube  contains  a 
quantity  of  platinum  sponge  (c)  which  is  heated  to  redness 
during  the  whole  time  the  hydrogen  is  passing  through  the 
apparatus,  whilst  the  further  portion  of  the  tube  (d)  is.  filled 
with  phosphorus  pentoxide  and  plugs  of  cotton-wool.  The 
greatest  care  must  be  taken  to  have  all  caoutchouc  stoppers  and 
joints  made  as  tight  as  possible  with  copper- wire  and  paraffin. 
At  right  angles  to  the  drying  tube  (cd)  is  placed  the  reducing 
arrangement  shown  in  the  lower  part  of  the  drawing.  This 
consists  of  a  porcelain  tube  (ee')  placed  in  a  Hofmann's  furnace 
and  protected  in  the  central  portions,  where  it  is  heated  by  an 
outer  casing  of  sheet-iron.  The  porcelain  tube  is  connected 
with  the  hydrogen  apparatus  by  means  of  the  wide  glass  tube 
(ff')  provided  with  the  tubulus  (g)  and  narrowed  down  to  join 
the  drying  tube  at  f'.  The  joint  between  the  porcelain  and 
glass  tubes  is  made  of  seamless  caoutchouc,  well  wired  and 
covered  by  an  outer  short  glass  cylinder,  the  space  between  the 
tubes  and  the  cylinder  being  filled  either  with  mercury  or  fused 
paraffin,  and  a  similar  joint  is  placed  at  the  further  end  of  the 
porcelain  tube. 

The  introduction  of  the  anhydrous  dichloride  without  ex- 
posure to  the  air  is  effected  by  means  of  the  tubulus  (g),  the 
dichloride  being  contained  in  the  bent  tube  (h)  in  which  it  was 
prepared  and  sealed  up  in  hydrogen.  After  the  whole  arrange- 
ment has  been  set  up,  the  platinum  boat  being  in  position,  as 
shown  in  the  figure,  hydrogen  is  allowed  to  pass  through  the 
apparatus  for  twelve  hours  to  dry  it  completely  and  clear  out 
the  air ;  the  caoutchouc  stopper  of  the  tubulus  is  then  withdrawn 
and  the  end  of  the  tube  containing  the  dichloride  cut  off,  and  the 
tube  and  stopper  quickly  replaced,  so  that  the  crystals  lie  in  the 
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horizontal  portion  of  the  tube.  The  bent  tube  is  next  so 
turned  in  the  stopper  that  the  crystals  of  dichloride  fall  out  and 
are  collected  in  the  platinum  boat  placed  below.  This  boat, 
charged  with  dichloride,  is  then  drawn  into  the  centre  of  the 
porcelain  tube  by  means  of  the  platinum  wire,  the  end  of  which 
(w)  passes  tightly  through  a  small  hole  in  the  caoutchouc  tube  at 
the  end  of  the  apparatus.  As  soon  as  the  boat  is  in  position  the 
wire  is  cut  off  short  at  the  end  of  the  glass  tube,  a  proper  joint 
made,  and  an  exit  tube  attached  dipping  under  sulphuric  acid. 
Before  the  porcelain  tube  is  heated,  the  caoutchouc  stopper  of 
the  tubulus  is  surrounded  by  a  bath  of  paraffin  and  the  hydrogen 
is  allowed  to  bubble  through  for  six  hours.  The  temperature 
of  the  porcelain  tube  is  then  gradually  raised  to  the  highest 
point  (a  bright  red  heat),  which  the  Hofmann's  furnace  will  yield, 
and  kept  constant  until  the  reduction  is  complete.  Torrents 
of  hydrogen  chloride  at  once  come  off,  and  the  process  must 
be  continued  for  some  hours  after  the  last  trace  of  acid  can  be 
detected  in  the  hydrogen.  The  process  lasts  from  forty  to  eighty 
hours,  according  as  the  quantity  of  dichloride  employed  varies 
from  1  to  3  or  4  grams. 

Attempts  to  prepare  vanadium  on  a  somewhat  larger  scale 
were  not  at  first  successful.  Thus  reduction  of  the  pentoxide 
with  carbon  in  the  electric  furnace  yielded  only  an  impure 
metal,  containing  a  large  amount  of  carbon.^  It  has,  however, 
been  found  that  pure  vanadium  can  be  preparisd  by  reducing 
the  pentoxide  with  a  mixture  of  the  metals  of  the  rare  earths, 
known  as  "  mischmetall,"  obtained  by  the  reduction  of  the  waste 
oxides  from  the  manufacture  of  thoria.^  The  oxide  is  mixed 
with  the  finely  divided  metal  in  a  magnesia  crucible  and 
the  mass  ignited,  as  in  the  aluminium  thermite  process; 
a  violent  reaction  occurs  and  a  regulus  of  pure  vanadium  is 
produced. 

A  regulus  of  crude  vanadium,  probably  consisting  of  a 
mixture  of  the  metal  and  the  dioxide,  can  be  obtained  from 
vanadic  oxide  by  Goldschmidt's  aluminium  reduction  method. 
It  can  be  used  for  the  preparation  of  the  tetrachloride.^ 

The  metal  has  been  prepared  also  by  passing  the  electric 
current    through  thin   rods    of  VgOg  contained  in   a  vacuum,* 

1  Moisaan,  Compt.  rend.,  1893,  116,  1225. 

^  Weiss  and  Aichel,  Annalen,  1904,  337,  380. 

'  Koppel  and  Kaufmann,  Zeit.  anorg.  Chem.,  1905,  45,  352. 

■■  Werner  von  Bolton,  Zeit.  Elehtrochem. ,  1905,  11,  45. 
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and  by  heating  the  trioxide  and  carbide  in  a  zirconia  crucible 
to  1950°.! 

Metallic  vanadium  prepared  by  reduction  from  the  dichloride 
in  hydrogen,  is  a  light  whitish-grey  coloured  jjowder,  which 
under  the  microscope  reflects  light  most,  powerfully,  and  appears 
as  a  brilliant  crystalline  metallic  mass  possessing  a  silver-white 
lustre.  The  surface  of  a  regulus  of  the  metal  is  covered  with 
twinned  rhombohedral  crystals,  and  the  metal  has  a  hardness 
greater  than  that  of  steel  or  quartz.  It  is  of  a  brilliant  silver- 
white  colour  and  takes  a  splendid  polish,  which  is  not  affected 
by  air.  Vanadium  does  not  decompose  water  at  the  ordinary 
temperature  and  it  may  be  moistened  and  again  dried  in  a 
vacuum  several  times  without  gaining  in  weight.  Vanadium 
is  neither  volatile  nor  fusible  when  heated  to  redness  in 
hydrogen.  When  the  powdered  metal  is  thrown  into  a  flame, 
or  rapidly  heated  in  an  excess  of  oxygen,  it  burns  with  brilliant 
scintillations.  The  specific  gravity  of  vanadium  at  15°  is  5"5, 
and  the  atomic  heat,  as  deduced  from  the  specific  heat  of 
its  alloys,  is  normal.^  The  metal  is  not  attacked  by  hydro- 
chloric acid  either  when  cold  or  hot,  and  neither  strong  nor 
dilute  sulphuric  acid  acts  upon  it  in  the  cold,  but  when 
heated  with  the  strong  acid  it  slowly  dissolves,  giving  a 
greenish-yellow  solution.  Hydrofluoric  acid  dissolves  the  metal 
slowly  with  evolution  of  hydrogen  and  formation  of  a  green 
solution,  whilst  nitric  acid  of  all  strengths  oxidises  it  with 
violence,  evolving  nitrous  fumes  and  forming  a  blue  liquid. 
Vanadium  also  dissolves  readily  in  chloric  acid,  perchloric  acid, 
and  ammonium  persulphate,  vanadic  acid  being  produced.^ 
Both  hot  and  cold  solutions  of  caustic  soda  are  without  action 
on  the  metal,  but  when  fused  with  the  hydroxide,  hydrogen  is 
evolved  and  a  vanadate  formed.  Metallic  vanadium  precipitates 
platinum,  gold,  and  silver,  from  solutions  of  their  salts,  and 
reduces  mercuric,  cupric,  and  ferric  salts  to  the  corresponding 
lower  salts  (Marino). 

When  heated  in  an  atmosphere  of  pure  nitrogen,  metallic 
vanadium  at  once  absorbs  this  gas  and  is  converted  into  the 
mononitride  (Roscoe). 

Alloys  of  vanadium  can  be  prepared  in  the  electric  furnace 
by  reducing  vanadic  anhydride  in  the  presence  of  the  second 

'  Ruff  and  Martin,  Zeit.  angew.  Chem. ,  1912,  25,  49. 
2  Matignon  and  Monnet,  Compt.  rend.,  1902,  134,  542. 
'  Marino,  Zeit.  anorg.  Chem.,  1904,  39,  152. 
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metal  or  one  of  its  oxides.^  It  also  forms  an  alloy  Avith 
platinum.  Ferrovanadium  is  manufactured  on  a  commercial 
scale  in  the  electric  furnace  in  France  and  also  in  Colorado. 
It  is  used  in  the  production  of  vanadium  steel  (see  Steel). 


COMPOUNDS  OF  VANADIUM. 

Vanadium  and  Oxygen. 

417  Vanadium  forms  five  compounds  with  oxygen,  analogous 
to  the  oxides  of  nitrogen,  namely  : 

Vanadium  suboxide V^O. 

Vanadium  monoxide,  hypovanadious  oxide  .    VOorVjOj. 
Vanadium  sesquioxide,  vanadium  trioxide         VgOg. 

Vanadium  dioxide,  hypovanadic  oxide    .    .  .    VO^orVgO^. 

Vanadic  anhydride,  vanadium  pentoxide    .  .     VgOj. 

All  these  oxides  form  salts,  the  three  first  acting  only  as  basic 
oxides,  the  two  highest  both  as  acid-forming  oxides  and  as  weak 
basic  oxides. 

Some  confusion  exists  as  to  the  nomenclature  of  the  various 
oxides  of  vanadium  and  the  series  of  compounds  derived  from 
them.  Koscoe,  to  mark  the  analogy  with  arsenic  and  phos- 
phorus, termed  the  sesquioxide,  VgOg,  vanadious  oxide,  and  its 
salts  the  vanadious  salts,  and  to  the  lower  oxide,  VO  or  Yfi^, 
he  gave  the  name  hypovanadious  oxide.  The  fact  that  V2O3 
acts  entirely  as  a  basic  oxide  and  the  close  analogy  existing 
between  the  derivatives  of  V^Og  and  of  VO,  and  the  corres- 
ponding chromium  compounds,  has  led  more  recent  investigators^ 
to  term  the  compounds  derived  from  VgOg  the  vanadic  salts, 
and  those  derived  from  VO  the  vanadious  salts,  corresponding 
with  the  chromic  and  chromous  salts  respectively.  The  salts 
formed  by  the  oxide  VOg  with  bases,  termed  by  Koscoe 
hypovanadates,  are  now  usually  called  vanadites,  and  the  salts 
with  acids  containing  the  divalent  radical  VO  (or  the  tetravalent 
radical  VgO.^)  are  known  as  vanadyl  (or  divanadyl)  compounds. 
The  more  modern  nomenclature  has  been  adopted  here. 

418  Vanadic  Anhydride,  Yfi^. — The  preparation  of  this  oxide 
from  mottramite  has  already  been  described.     In  the  pure  state 

^  Moissan,  Compt.  rend.,  1896,  122,  1297. 

2  Piccini  and  Marino,  Zeit.  anorg.  Chem.,  1902,  32,  57. 
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it  is  best  prepared  by  decomposing  the  oxytrichloride,  VOCI3, 
with  water  aiid  fusing  the  residue,  but  it  can  also  be  obtained 
pure  by  heating  pure  ammonium  metavanadate  and  avoiding 
any  reduction.^  Vanadic  anhydride  crystallises  in  splendid 
yellowish-red  rhombic  prisms  (Nordenskiold),  which  have  a 
specific  gravity  of  3'35  (J.  J.  Watts),  and  dissolve  in  about  1,000 
times  their  weight  of  water,  giving  a  yellowish  solution,  which 
does  not  possess  any  taste  but  turns  blue  litmus  paper  red. 
Vanadic  anhydride  fuses  without  decomposition  in  absence  of 
organic  reducing  matter  to  a  red  liquid,  which  on  cooling  yields 
brilliant  transparent  reddish-yellow  needles,  and  at  the  moment 
of  crystallisation  exhibits  the  phenomenon  of  incandescence. 

Vanadic  anhydride  exists  in  several  different  modifications, 
which  differ  in  solubility  and  other  properties.  When  it  is  pre- 
pared by  igniting  ammonium  vanadate,  evaporating  with  nitric 
acid  and  gently  heating  the  residue,  it  forms  a  yellow  hygroscopic 
powder,  which  unites  with  water  to  form  hydrates  containing 
1,  2,  and  8  molecules  of  water,  and  dissolves  in  cold  water  to  the 
extent  of  8  grams  per  litre.  When  the  oxide  is  heated  for  a  long 
time  at  440°  or  fused,  it  is  converted  into  two  diff"erent  sparingly 
soluble  modifications.^ 

Vanadic  anhydride  acts  as  a  weak  basic  oxide  as  well  as  an 
acid-forming  oxide.  Thus  it  dissolves  in  strong  acids,  forming 
red  or  yellow  solutions  yielding  crystalline  compounds,  which 
separate  out  on  spontaneous  evaporation  or  cooling. 

Vanadic  anhydride  is  reduced  by  sulphurous  acid  in 
presence  of  sulphuric  acid,  and  by  evaporation  with  hydro- 
chloric acid,  to  VOgj  magnesium  and  hydrochloric  acid,  or 
evaporation  with  hydriodic  acid,  reduce  it  to  VgOg,  whilst  zinc 
and  hydrochloric  acid  carry  the  reduction  a  stage  further,  to 
VO. 

Vanadic  anhydride  has  been  used  in  the  preparation  of 
aniline  black,  and  its  use  has  been  suggested  in  the  electrolytic 
oxidation  and  reduction  of  various  organic  compounds  in  an 
acid  bath,  e.g.,  the  manufacture  of  quinone  from  aniline,  «Sz;c.^  It 
also  greatly  accelerates  certain  oxidation  processes,  such  as  the 
action  of  nitric  acid  on  sugar,  the  oxidation  of  alcohol  by 
atmospheric  oxygen,  &c.* 

1  Matignon,  CUm.  Zeit,  1905,  29,  986. 

2  Dilte,  Oompt.  rend.,  1885,  101,  698. 
»  German  Patent,  172654  (15/9/03). 

*  Moeser  and  Lindenbaum,  J.  pr.  Chem.,  1907,  [2],  75,  146  ;  German  Patent, 
183022  (18/8/05). 
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The  Vanadic  Acids  and  theib  Salts. 

419  Normal  Vanadic  Acid,  HjVO^,  is  not  known. 

Metavanadic  Acid,  HVO3,  was  discovered  by  Gerland.^  It 
forms  a  fine  yellow  pigment,  sometimes  termed  vanadium  bronze, 
and  is  employed  in  place  of  gold  bronze.  It  is  obtained  in  the 
form  of  brilliant  scales  of  a  golden  or  orange  colour  by  boiling 
aqueous  sulphurous  acid  with  copper  vanadate,  prepared  by  the 
double  decomposition  of  ammonium  metavanadate  and  copper 
sulphate.  A  mixture  of  brown  and  orange-yellow  crystals  is 
obtained,  and  on  continuing  the  ebullition  with  more  sulphurous 
acid,  the  brown  crystals  dissolve,  the  yellow  metavanadic  acid 
being  insoluble. 

Vanadium  bronze  may  also  be  prepared  by  adding  a  solution 
of  ammonium  vanadate  to  one  of  copper  sulphate  containing 
excess  of  ammonium  chloride  until  a  permanent  precipitate  is 
formed,  and  then  gently  heating  to  75°,  when  the  yellow  scales 
are  slowly  deposited,  and  after  the  lapse  of  a  few  hours  nearly 
the  whole  of  the  vanadium  is  precipitated.  The  larger  the 
quantity  of  material  employed  and  the  slower  the  action  takes 
place,  the  finer  is  the  colour  of  the  bronze.^ 

If  the  freshly  prepared  solution  of  copper  vanadate  be  quickly 
evaporated  in  a  flat  dish,  a  crystalline  residue  is  obtained  which 
is  soluble  in  water,  and  when  this  solution  is  dialysed  for  some 
days  a  clear  solution  of  pure  vanadic  acid  is  obtained  which 
remains  clear  when  heated,  and  deposits  the  red  amorphous 
pentoxide  on  evaporation. 

Pyrovanadic  Acid,  H^VjOy,  is  a  brown  precipitate  closely 
resembling  ferric  hydroxide,  obtained  by  treating  a  solution  of  an 
acid  vanadate  with  nitric  acid.  When  air-dried  it  possesses  the 
above  composition.  It  is,  however,  unstable  and  loses  half  its 
water  when  dried  over  sulphuric  acid  (v.  Hauer). 

Hexavanadic  Acid,  H^VgOi,  =  6V205,2H20.— When  a  solution 
of  pervanadic  acid  is  allowed  to  stand  it  loses  oxygen  and  forms 
an  acid  yellow  liquid,  which  probably  contains  hexavanadic  acid. 
The  solution  is  unstable  and  soon  deposits  a  brown  precipitate 
of  vanadium  pentoxide.^ 

The  Vanadates. — Inasmuch  as  Berzelius  thought  that  the 
oxide  VO  was  the  metal,  and,  therefore,  considered  the  highest 

1  Proc.  Manch.  Phil.  Soc,  1873,  12,  50.  2  Ser.,  1876,  9,  874. 

^  Dullberg,  Zeit.  physikal.  Chem.,  1903,  45,  170. 


THE  VANADATES  921 


oxide  to  be  a  trioxide,  he  likewise  assumed  that  the  vana- 
dates corresponded  to  the  chromates.  In  addition  to  the  so- 
called  normal  salts  examined  by  him,  two  other  series  were 
described  by  v.  Hauer.^  which,  appearing  to  correspond  to  the 
dichromates  and  trichromates,  received  names  analogous  to 
these.  After  the  true  formula  of  the  highest  oxide  of  vanadium 
had  been  ascertained  to  be  VjOj,  it  was  evident  that  the 
so-called  normal  vanadates  corresponded  to  the  metaphosphates, 
and  it  was  found  possible  to  prepare  both  the  ortho-  and  pyro- 
vanadates  analogous  to  the  corresponding  phosphates,  v.  Hauer's 
salts  would  then  most  naturally  be  formulated  as  tetra-  and 
hexa-vanadates,  NajV^O^^  and  Na^VgOjg,  but  it  is  probable  from 
the  researches  of  Dullberg  on  the  molecular  weights  and  con- 
ductivities of  these  salts,  that  they  are  in  reality  acid  salts  derived 
from  hexavanadic  acid,  H^VgOjy,  the  normal  salt  of  which, 
Na^VgOj7,  is  also  known.  It  is  probable  that  the  potassium  and 
ammonium  tetravanadates  are  also  in  reality  hexavanadates, 
but  these  have  not  yet  been  investigated.     Thus  we  have  : 

(1)  Sodium  Metavanadate   ....  NaVO,.,. 

(2)  Sodium  Orthovanadate NagVO^. 

(3)  Sodium  Pyro  vanadate Na^V^Oj. 

(4)  Sodium  Tetravanadate  (v.  Hauer)   .  NagHVgOjy. 
(6)  Sodium  Hexavanadate           „  Na^HgVgOiy. 

Other  polyvanadates  of  more  complicated  composition  have 
also  been  described.^ 

Although  the  first  three  classes  of  vanadates  correspond  in 
composition  to  the  phosphates,  the  order  of  stability  of  the 
soluble  vanadates  in  aqueous  solution  differs  remarkably  from 
that  of  the  phosphates,  the  metavanadates  being  the  most 
stable  and  the  ortho  vanadates  the  least  stable,  whereas  in  the 
phosphorus  series  the  order  of  stability  is  the  reverse  of  this. 
At  a  high  temperature,  on  the  other  hand,  the  orthovanadate  is 
the  most  stable,  being  formed  when  vanadium  pentoxide  is 
fused  with  an  alkali  carbonate,  the  meta-salt  being  produced 
when  a  solution  of  an  alkali  carbonate  is  boiled  with  vanadium 
pentoxide. 

The  property  which  serves  best  to  distinguish  the  ortho-  from 
the  meta-vanadates  is  the  colour  of  the  respective  copper  salts. 

1  J.  pr.  Chem.,  1856,  69,  385  ;  1859,  76,  156,  929  ;  1860,  80,  324. 

2  Carnelley,  Joum.  Chem.  Soc,  1873,  26,  323. 
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Copper  orthovanadate  possesses  a  blue-green  colour,  whilst  the 
metavanadate  is  a  light-yellow  crystalline  powder. 

The  alkali  pyrovanadates  are  soluble,  and  can  be  readily  ob- 
tained by  fusing  one  molecule  of  vanadium  pentoxide  with  two 
molecules  of  the  carbonate  of  an  alkali  metal,  dissolving,  and 
crystallising.  They  are  likewise  obtained  by  the  decomposition 
of  an  aqueous  solution  of  the  corresponding  orthovanadate. 
The  pyrovanadates  of  the  heavy  metals  are  usually  insoluble 
in  water,  and  possess  properties  generally  similar  to  those  of 
the  corresponding  orthovanadates. 

The  metavanadates  are  usually  yellow :  some  of  them, 
especially  those  of  the  alkaline  earths,  zinc,  cadmium,  and  lead, 
are  converted  into  colourless  isomeric  modifications,  in  the 
solid  state  under  water,  in  aqueous  solution,  and  especially  in 
the  presence  of  alkali  carbonates.  The  metavanadates  of  the 
alkali  metals  are  colourless,  and  on  treatment  with  an  acid  give 
rise  to  anhydro-salts,  which  have  a  fine  yellowish-red  colour. 
The  metavanadates  of  ammonium,  potassium,  sodium,  barium, 
and  lead  are  but  sparingly  soluble  in  water.  The  other 
metavanadates  are  more  soluble.  It  is  probable  that  sodium 
metavanadate  has  the  molecular  formula  NagVgOg,  thus  cor- 
responding with  the  trimetaphosphate  (DuUberg).  The  following 
are  the  properties  of  the  most  important  members  of  these 
three  classes  of  vanadates. 

Fotassium  Metavanadate,  KVO3,  dissolves  slowly  in  cold  and 
readily  in  hot  water,  and  with  ■  difficulty  in  caustic  potash. 
When  it  is  boiled  with  water  and  vanadium  pentoxide,  or  fused 
with  the  latter,  potassium  tetravanadate,  K2V^Ou,3H20,  or 
K3HVgO]7,4H20  (Diillberg),  is  obtained,  crystallising  in  broad 
reddish-yellow  tablets.  This  salt  is  slightly  soluble  in  cold  and 
very  easily  soluble  in  hot  water. 

Sodium  Orthovanadate,  NagVO^. — This  salt  crystallises  with 
16, 12, 10,  and  SHjO,  and  in  the  form  with  I2H2O  is  isomorphous 
with  sodium  orthophosphate.  It  has  a  strongly  alkaline  reaction, 
and  in  aqueous  solution  is  completely  hydrolysed  to  caustic 
soda  and  sodium  pyrovanadate  : 

2Na3VO,  -f-  HgO  =  Na.V^Oj  -f  2NaOH. 

Sodium  Pyrovanadate,  Na^V207,18H20,  crystallises  in  large 
six-sided  tablets,  is  easily  soluble  in  water,  and  is  precipitated 
by  alcohol  from  its  aqueous  solution  in  pearly  scales.     It  fuses 
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more  easily  than  the  orthovanadate,  and  is  first  formed  in  the 
preparation  of  the  latter  salt. 

Sodmm  Metavanadate,  NaVOg,  resembles  the  potassium  salt, 
and  is  converted  in  a  similar  manner  into  sodium  tetravana- 
daie,  l^a.^Yp^^,9B..f>,  or  NagHVeOi^JSHgO  (Dullberg),  which 
separates  out  in  beautiful  large  orange-red  crystals.  This  salt 
is  only  slightly  soluble  in  water,  but  possesses  such  powerful 
colouring  properties  that  1  part  of  it  is  sufficient  to  impart  a 
yellow  tint  to  200,000  parts  of  water.  It  effloresces  on  exposure 
to  the  air,  becoming  of  a  reddish-brown  tint,  and  melts  at  a  dark 
red  heat,  solidifying  to  a  dark  red  amorphous  mass. 

Ammonium  Metavanadate,  NH^VOg,  is  the  most  important 
vanadate.  It  is  obtained  by  dissolving  the  pentoxide  in  an 
excess  of  ammonia  and  evaporating,  or  by  precipitating  with 
alcohol,  in  which  it  is  insoluble.  It  forms  colourless  transparent 
crystalline  crusts,  and  is  insoluble  in  concentrated  solution  of 
ammonium  chloride,  and  accordingly  is  precipitated  when  a 
lump  of  ammonium  chloride  is  allowed  to  remain  in  a  solution 
of  a  metavanadate  or  pyrovanadate  : 

Na.VPj  +  4NH,C1  =  2NH,V03  -f-  2NH3  +  Hp  -1-  4NaCl. 

The  solution  of  this  salt  becomes  of  a  deep  black  tint  when 
treated  with  tincture  of  galls,  and  Berzelius  originally  sug- 
gested the  use  of  this  liquid  as  an  ink.  This  ink  is,  however, 
not  permanent,  "  for  letters  thus  written  by  Berzelius  are  now 
quite  illegible  "  ( Wohler).  It  has  also  been  used  in  dyeing  with 
aniline  black,  since  its  presence  greatly  facilitates  the  oxidation 
of  the  aniline  hydrochloride  on  which  the  formation  of  the 
colouring  matter  depends.  It  is,  however,  no  longer  used  for 
this  purpose. 

Ammonixim  Tetravanadate,  Q^ilL^^fi^y'^B^fifivQ^i'S^fiNfi^^, 
5JH2O,  is  obtained  by  the  addition  of  acetic  acid  to  a  boiling 
solution  of  the  metavanadate  until  the  precipitate  redis- 
solves.  The  salt  separates  out  from  the  yellowish-red  liquid 
on  •  cooling  in  large-  transparent  orange-red  crystals.  If  it  be 
recrystallised  from  water  containing  acetic  acid,  splendid  red 
crystals  of  ammonium  hexavanadate,  (NH^)2VgOig,6H20,  or 
(NE^)M.2yj^i7,5iifi,  are  obtained. 

Calcium  Pyrovanadate,  2Ca2V207,5H20,  is  a  white  amor- 
phous precipitate  obtained  by  double  decomposition  of  the 
corresponding  sodium  salt  with  calcium  chloride.  If  the 
solution  of  sodium  orthovanadate  be  precipitated  by  calcium 
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chloride,  the  same  salt  is  obtained  mixed  with  calcium 
hydroxide,  the  orthovanadate  being  at  once  decomposed  ac- 
cording to  the  equation : 

CagCVOJa  +  H2O  =  Ca^VPy  +  CaCOH)^. 

Lead  Orthovanadate,  Pb3(VO^)2,  is  a  nearly  white  insoluble 
precipitate  obtained  by  adding  a  solution  of  lead  acetate  to 
one  of  sodium  orthovanadate.  This  salt  occurs  in  nature  com- 
bined with  lead  chloride  as  vanadinite,  3Pb3(V04)2,PbCl2  or 
Pb3(V04)2,Pb2(V04)Cl.  This  mineral  crystallises  in  hexagonal 
prisms,  having  a  reddish-brown  colour,  and  is  isomorphous 
with  apatite.  It  has  a  specific  gravity  of  from  6'6  to  1%  and 
frequently  contains  some  phosphoric  acid.  It  was  found  by 
Del  Rio  in  Zimapan  in  Mexico,  and  occurs  also  at  Leadhills  in 
Scotland,  in  Carinthia,  and  in  the  Urals.  It  may  be  obtained 
artificially  by  fusing  together  lead  oxide,  vanadium  pentoxide, 
and  lead  chloride,  in  the  right  proportions.  The  fused  mass 
contains  druses,  in  which  thin  needle-shaped  crystals  are  con- 
tained. If  boiled  with  water  it  falls  to  a  crystalline  powder 
consisting  of  microscopic  hexagonal  prisms,  possessing  the 
waxy  lustre  and  the  yellowish  colour  of  natural  vanadinite,  and 
having  a  specific  gravity  of  6'7  (Roscoe). 

Lead  Fyrovanadate,  PbgVjOy,  is  found  in  South  America  as 
descloizite  in  rhombic  crystals,  which  have  an  orange-green  or 
black  colour,  a  bronze  lustre,  and  a  specific  gravity  of  5'839. 
It  usually  contains  zinc,  iron,  manganese,  and  copper  as  im- 
purities. If  a  solution  of  sodium  pyro vanadate  be  precipitated 
with  lead  acetate,  the  basic  salt  PbsV^Ojg  is  thrown  down  as  a 
light-yellow  precipitate. 

Lead  Metavanadate,  Pb(V03)2,  is  obtained  as  a  yellow  preci- 
pitate when  a  solution  of  a  metavanadate  is  mixed  with  one  of 
lead  acetate.  The  mineral  dechenite  consists  chiefly  of  this 
compound,  a  portion  of  the  lead,  however,  being  usually  replaced 
by  zinc.  It  occurs  together  with  lead  ores,  forming  yellow, 
brown,  or  deep-red  reniform  masses,  having  a  specific  gravity 
of  5-6  to  5-8. 

Lead  Tetravanadate,  Vh^  fi-^^,  is  obtained  by  precipitating  the 
corresponding  potassium  salt  with  lead  nitrate  in  the  form  of  a 
reddish-yellow  precipitate  slightly  soluble  in  water. 

Copper  Orthovanadate,  Cu3(VO^)2,H20,  occurs  as  the  mineral 
volborthite,  in  which  a  part  of  the  copper  is  replaced  by  calcium ; 
it  crystallises  in  small  yellow  or  green  hexagonal  tablets,  having  a 
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specific  gravity  of  3'55,  and  is  found  in  Thuringia  and  in  the 
Urals.  Copper  Pyrovanadate,  CujVgOy,  is  a  yellow  crystalline 
precipitate,  whilst  copper  meiavanadate  is  an  apple-green 
precipitate. 

Silver  Orthovanadate,  AggVO^,  is  obtained  by  precipitating  a 
freshly  prepared  solution  of  the  sodium  salt  with  silver  nitrate. 
It  is  a  deep  orange-red  coloured  precipitate,  which  is  easily 
soluble  in  nitric  acid  and  in  ammonia. 

Silver  Pyrovanadate,  Ag^VgO^,  is  a  heavy  yellow  powder. 
Silver  Metavaruidate,  AgVOj,  forms  a  pale  yellow  gelatinous 
precipitate. 

Vanadic  acid,  like  phosphoric  acid,  yields  complex  compounds 
with  stannates,^  tungstates,  and  molybdates,  as  well  as  with 
phosphates  and  arsenates.^ 

Pervanadic  Acid  and  the  Pervanadates. — The  alkali  meta- 
vanadates  are  readily  converted  by  hydrogen  peroxide  into 
per-salts  of  the  formula  E'VO^,  many  of  which  have  been 
prepared  pure.  They  are  decomposed  by  dilute  acids  with 
evolution  of  one  atomic  proportion  of  oxygen.^ 

Pervanadic  Acid,  HVO^,  is  formed  when  vanadium  pentoxide 
is  added  to  hydrogen  peroxide  in  dilute  sulphuric  acid  solution. 
A  deep-red  coloured  liquid  is  formed,*  which  deposits  unstable 
yellow  crystals  of  the  per-acid.^ 

Potassium  Penanadate,  KVO^,  is  a  yellow  microcrystalline 
precipitate,  obtained  by  dissolving  potassium  metavanadate  in 
a  solution  of  hydrogen  peroxide  containing  sulphuric  acid,  and 
precipitating  with  alcohol. 

Barium  metapervanadate,  Ba(V0j2.  is  obtained  as  an  amor- 
phous yellow  precipitate,  when  a  solution  of  barium  chloride  is 
added  to  a  saturated  solution  of  ammonium  metavanadate  in 
30  per  cent,  hydrogen  peroxide.  Other  salts  have  been  prepared 
in  a  similar  manner ;  they  are  characterised  by  being  bright 
yellow  or  deep  orange. 

More  complex  compounds  are  formed  by  the  action  of  alkalis 
and  hydrogen  peroxide  on  the  pervanadates,  and  these  are 
probably  salts  of  a  pyropervanadic  acid  with  the  peroxides  of 

1  Prandtl,  Ber.,  1907,  40,  2125. 

"  For  an  account  of  these  complex  derivatives  see  the  monograph  by 
Ephraim  quoted  on  p.  912. 

^  Scheuer,  Zeit.  anorg.  Chew,.,  1898,  16,  284  ;  Pissarjewsky,  J.  Russ.  Phys. 
Chtm.  Sec,  1902,  34,  210,  472. 

*  Werther,  /.  pr.  Ohem.,  1861,  83,  195. 

^  Pissarjewsky,  Zeit.  physikal.  Ohem.,  1903,  43,  173. 
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the  alkali  metals.  The  ammonium  salt,  (NH^)^V20ii,  and  the 
potassium  salt,  K8V502e,2H20,  have  been  prepared  in  this  way.^ 
Complex  oxygenated  products  have  also  been  obtained  by  the 
action  of  hydrogen  peroxide  on  the  compound  of  vanadyl 
trifluoride  with  potassium  fluoride,^  VOF3,2KF. 


The  Lower  Oxides  of  Vanadium. 

420  Vanadium  Suboxide,  VgO,  is  formed  by  the  prolonged 
exposure  of  finely  divided  metallic  vanadium  to  the  air.  It  is 
a  brown  substance,  which,  when  heated  in  the  air,  is  gradually 
converted  into  the  higher  oxides.  No  salts  of  this  oxide  have 
been  prepared. 

Vanadium  Monoxide  or  Hypovanadious  Oxide,  VO  or  VjOj. — In 
its  power  of  uniting  with  oxygen  vanadium  surpasses  even 
uranium,^  and,  like  uranium,  it  can  be  separated  from  its  last 
portions  of  oxygen  only  with  extreme  difficulty.  The  oxide  VO 
is,  moreover,  found  to  enter  as  a  radical  into  many  compounds, 
so  that  the  name  vanadyl  (VO)  may  appropriately  be  given  to 
it.  This  substance,  which  was  regarded  by  Berzelius  as  metallic 
vanadium,  may  be  prepared  by  reducing  the  higher  oxides  with 
potassium,  or  by  passing  the  vapour  of  vanadyl  trichloride, 
VOCI3,  mixed  with  excess  of  hydrogen,  through  a  combustion 
tube  containing  red-hot  carbon.^  Thus  obtained  it  forms  a  light- 
grey  glistening  powder  or  a  lustrous  metal-like  crust,  having  a 
specific  gravity  of  3'64.  It  is  brittle,  difficultly  fusible,  and 
conducts  electricity.  Heated  to  redness,  it  takes  fire  in  the  air 
and  burns  to  the  sesquioxide  VgOj,  whilst  when  heated  in  chlorine 
the  oxy trichloride  VOCI3  is  formed.  It  is  insoluble  in  water,  but 
dissolves  in  acids,  yielding  the  corresponding  salts.  These  may 
also  be  obtained  in  solution  by  the  action  of  nascent  hydrogen, 
evolved  by  metallic  zinc,  cadmium,  or  sodium  amalgam,  upon  a 
solution  made  by  dissolving  vanadium  pentoxide  in  hot  con- 
centrated sulphuric  acid  and  then  diluting  with  water,  or  by 
the  electrolytic  reduction  of  a  similar  solution.  The  liquid 
rapidly  changes  colour,  passing  through  all  shades  of  blue  and 

'  Melikofif  and  Piasarjewsky,  Zeit.  anorg.   Ckem.,  1899,  19,  405  :  Pissar- 
jewsky,  ibid.,  1903,  32,  341. 
2  MelikofF  and  Kasanezky,  Zeit.  anorg.  Ohem.,  1901,  28,  242. 
»  Pdigot,  Ann.  Chim.  Phys.,  1842,  [3],  5,  5;  1844  [3],  12,  549. 
*  Schafarik,  Anualen,  1859,  109,  85. 
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green  until  after  some  time  it  assumes  a  permanent  lavender  or 
violet  tint.  In  order  to  prove  that  this  solution  really  contains 
the  vanadium  as  a  divalent  element,  a  standard  solution  of 
potassium  permanganate  is  added  until  a  permanent  pink  colour 
is  obtained  and  the  vanadium  has  reached  the  highest  degree 
of  oxidation,  when  it  is  found  that  for  every  two  atoms  of  metal 
three  atoms  of  oxygen  have  been  added.  This  solution  of  the 
sulphate  absorbs  oxygen  with  such  avidity  as  to  bleach  indigo 
and  other  vegetable  colouring  matters  as  quickly  as  chlorine. 
The  solution  in  hydrochloric  acid  has  been  suggested  as  a 
reagent  for  removing  arsenic  from  hydrochloric  acid,  the  whole 
of  the  arsenic  being  precipitated  in  the  free  state  when  the 
impure  hydrogen  chloride  is  passed  through  the  solution.^  On 
allowing  the  neutralised  lavender-coloured  solution  to  stand 
exposed  to  the  air  for  a  few  seconds,  the  colour  changes  to 
a  deep  chocolate-brown :  and  so  rapid  is  the  alteration  of  colour, 
when  but  little  free  acid  is  present,  that  such  a  lavender 
solution  may  serve  as  a  reagent  for  the  detection  of  free  oxj'gen 
not  inferior  in  delicacy  to  an  alkaline  pyrogallate.  The  changes 
in  colour  which  the  yellow  sulphuric  acid  solution  of  vanadium 
pentoxide  undergoes  on  reduction  are  exceedingly  characteristic, 
and  may  be  divided  into  eight  stages  as  follows : 


Stage. 

Colour. 

Reaction. 

State  of  Oxida- 
tion of  the  Metal. 

I. 

Yellow 

Acid 

v,o. 

11. 

Green 

Acid 

v,o-vo,. 

III. 

Bluish -green 

Acid 

V^O— VO2. 

IV. 

Blue 

Acid 

V02. 

V. 

Greenish-blue 

Acid 

VO-V203. 

VI. 

Green 

Bleaches  slightly 

V,03-V0. 

VII. 

Bluish-violet 

Bleaches  strongly 

V2O3— vo. 

VIII. 

Lavender  or  violet 

Bleaches  strongly 

vo. 

German  Patent,  164355  (15/4/04). 
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Thus  the  salts  derived  from  the  pentoxide  are  yellow ;  the  di- 
vanadyl  salts  blue ;  the  sesqui-salts  are  green ;  and  the  vana- 
dious  salts  lavender-coloured. 

Vanadium  Sesquioxide  or  Vanadium  Trioxide,  V2O3,  is  obtained 
by  heating  the  pentoxide  in  hydrogen,  or  by  igniting  the  same 
oxide  in  a  carbon  crucible.  It  is  also  formed  when  vanadyl  tri- 
chloride and  hydrogen  are  passed  through  a  red-hot  tube,  and 
when  the  pentoxide  is  heated  in  the  oxyhydrogen  flame.^  It  is  a 
black  powder,  which  may  by  pressure  be  united  to  form  a  co- 
herent mass  which  conducts  electricity.  It  undergoes  oxidation 
when  exposed  to  the  air,  not  only  being  pyrophoric  when  warm, 
but  also  slowly  taking  up  oxygen  when  exposed  in  the  air  at 
ordinary  temperatures,  and  being  converted  into  small  dark 
indigo-coloured  crystals  of  the  dioxide  VOg.  It  has  a  specific 
gravity  of  4'7.  When  ignited  in  chlorine  gas  it  is  con- 
verted into  vanadium  oxytrichloride,  VOCI3,  and  vanadium 
pentoxide : 

3VA  +  6Cl,  =  VA+4VOCl3. 

It  is  insoluble  in  most  acids,  but  the  corresponding  sulphate 
may  be  obtained  in  solution  by  the  reducing  action  of  nascent 
hydrogen,  evolved  from  metallic  magnesium,  on  a  solution  of 
vanadium  pentoxide  in  sulphuric  acid.  A  green  liquid  is  thus 
obtained,  the  further  reduction  observed  with  zinc,  cadmium, 
and  sodium  amalgam  not  taking  place  with  magnesium.  The 
green  solution  may  likewise  be  obtained  by  the  partial  oxidation 
of  the  lavender-coloured  solution  of  vanadious  sulphate,  VSO^. 
If  a  current  of  air  be  passed  through  such  a  solution,  in  which 
the  free  acid  has  been  neutralised  by  an  excess  of  zinc  and 
the  remaining  metallic  zinc  removed,  the  liquid  attains  a 
permanent  brown  colour,  which  on  the  addition  of  a  few  drops 
of  acid  turns  green  ;  the  solution  then  contains  the  sesqui- 
sulphate. 

Vanadium  Dioxide  or  Hypovanadic  Oxide,  VOj  or  VjO^. — This 
oxide  can  be  prepared  either  by  the  oxidation  of  the  monoxide, 
VO,  in  the  air,  or  by  the  partial  reduction  of  the  pentoxide.  It  is 
readily  converted  by  potassium  permanganate  into  the  pentoxide, 
and  advantage  is  taken  of  this  fact  in  the  volumetric  estimation 
of  vanadium.  It  is  a  lustrous  steel-coloured  powder  and  dis- 
solves in  acids,  forming  solutions  of  the  vanadyl  salts,  which 
possess  a  bright  blue  colour.     Solutions  of  these  salts  are  also 

1  Read,  Joum.  Ohem.  Soc,  1894,  65,  314. 
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produced  by  the  action  of  moderate  reducing  agents,  such  as 
sulphur  dioxide  and  sulphuretted  hydrogen  or  oxalic  acid  upon 
solutions  of  vanadic  acid  in  sulphuric  acid.  They  may  also  be 
obtained  by  passing  a  current  of  air  through  acid  solutions  of 
the  vanadious  salts  until  a  permanent  blue  colour  is  attained. 
The  oxide  may  likewise  be  prepared  by  the  electrolysis  of 
the  fused  pentoxide,  or  by  the  ignition  of  the  oxychloride, 
V20.2Cl4,5H20,  in  a  current  of  carbon  dioxide  : 

VgO^Cl,  +  5Rfi  =  2  VO2  +  4HC1  +  SHp. 

Divanadyl  Hydroxide  or  Hypovanadic  Hydrate,  V.jO^.THgO  or 
V202(OH)^,5H20,  forms  a  grepsh-white  precipitate,  obtained 
when  a  solution  of  vanadyl  sulphate  or  chloride  is  cautiously 
precipitated  with  a  cold  solution  of  sodium  carbonate.  When 
dried  it  is  a  black  amorphous  mass,  having  a  glassy  fracture. 
This  on  heating  to  100°  loses  four  molecules  of  water,  leaving  the 
hydrate,  VgO^.SHgO.  A  hydrate  containing  2H2O  is  obtained 
as  a  pink  crystalline  powder  by  boiling  a  solution  of  the  dioxide, 
VOg,  in  sulphurous  acid.^  Vanadium  dioxide  acts  both  as  a  basic, 
and  as  an  acid-forming  oxide.  When  dissolved  in  acids  the 
vanadyl  salts  are  formed,^  whilst  with  alkalis  the  vanadites  or 
hypovanadates  are  produced. 

The  vanadites  or  hypovanadates  are  all  insoluble  except  those 
of  the  alkali  metals,  which  are  not  derived  from  the  normal 
hypovanadic  acid,  H^V20g,  but  from  the  partial  anhydrides, 
HjVjOg  and  H2V40g.  The  alkali  vanadites  are  obtained  by 
adding  an  excess  of  caustic  alkali  to  a  concentrated  solution  of 
vanadyl  sulphate  or  chloride.^  The  dark-brown  solution  thus 
obtained  with  potash  deiposits  potassium  vanadite,  K2V^09,7H20, 
in  reddish-brown  crystalline  scales  which,  after  washing  first 
with  potash  solution,  and  then  with  alcohol,  may  be  dried 
between  filter-paper.  This  salt  is  permanent  in  the  air,  and 
very  soluble  in  water,  yielding  a  dark-brown  solution. 

Sodium  Vanaditc,  Na2V^09,7H20,  is  prepared  in  a  similar 
way  to  the  potassium  salt,  and  exhibits  analogous  properties. 

Ammonium  Vanadite,  Q^B.^.^ fi^^^Yi^O,  is  obtained  as  a 
dark-brown  crystalline  precipitate  by  adding  a  vanadyl  sulphate 
solution  to  ammonia;  it  dissolves  in  water,  yielding  an  almost 
black  solution  (Crow). 

1  Gain,  Gompt.  rend.,  1906,  143,  823. 

=  Guyard,  Bull.  Soc.  chem.,  1876,  [2],  25,  350. 

2  See  also  Koppel  and  Goldmann,  Zeit.  anorg.  Chem.,  1903,  36,  281. 
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On  the  addition  of  solutions  of  soluble  vanadites  to  solutions 
of  salts  of  the  heavy  metals,  insoluble  precipitates  are  formed. 

Vanadium  and  Fluorine. 

421  The  oxides,  ^2^3'  VO21  ^"^^  ^2*^5'  ^^^  dissolve  in  hydro- 
fluoric acid,  but  only  the  trifluoride,  YF^,SIlfi,  and  the  oxy- 
difluoride,  VOF„,  have  been  isolated.  A  very  large  number  of 
double  salts  of  these  compounds  and  of  the  oxy fluorides  VOjF 
and  VOFg  with  hydrofluoric  acid,  metallic  fluorides,  and 
vanadium  pentoxide  have  been  described.^  Only  a  few  of  the 
most  characteristic  are  mentioned  here. 

Vanadium  Trifluoride,  VFg.SH^O,  crystallises  from  the  dark- 
green  solution  of  vanadium  trioxide  in  hydrofluoric  acid,  in 
dark-green  readily  soluble  octahedra.  The  double  potassium 
salt,  2KF,VF3,H20,  is  a  bright  green  crystalline  powder,  which 
is  precipitated  when  a  solution  of  potassium  fluoride  is  added 
to  one  of  vanadium  trifluoride. 

Vanadium  Oxydifluoride,  VOFj,  is  formed  when  the  tetroxide 
is  dissolved  in  hydrofluoric  acid,  and  separates  in  blue  prismatic 
crystals  containing  water.  Several  double  salts  with  the  fluo- 
rides of  sodium,  potassium,  and  ammonium  may  be  prepared  by 
adding  solutions  of  these  fluorides  to  the  blue  solution  of  the 
oxydifluoride  (Petersen). 

Potassium  Vanadium  Bioxy fluoride,,  2KF,V02F,  is  obtained 
by  evaporating  a  solution  of  vanadium  pentoxide  in  hydrofluoric 
acid  almost  to  dryness,  and  adding  it  to  potassium  fluoride.  It 
crystallises  in  golden-yellow  six-sided  prisms. 

Vanadium  pentoxide  also  dissolves  easily  in  a  solution  of 
hydrogen  potassium  fluoride  with  evolution  of  heat,  and  on 
cooling  yellowish  globular  masses  separate  out,  consisting  of 
pearly,  probably  hexagonal  crystals,  which  have  the  composition 
3KF,2V02F,H20. 

Ammonium  Vanadium  Dioxyfluoi'ide,  SNH^FjVOjF,  is  formed 
when  a  solution  of  vanadium  pentoxide  in  hydrofluoric  acid  is 
nearly  neutralised  with  ammonia ;  it  separates  in  large  golden- 
yellow  crystals. 

Zinc  Vanadium  Dioxy fluoride,  ZnFj.VOjF.THgO,  is  formed  by 
dissolving  zinc  carbonate  and  vanadium  pentoxide  in  hydro- 
fluoric acid.   The  salt  crystallises  in  hard,  yellow,  triclinic  prisms. 

1  Petersen,  /.  pr.  Ohem.,  1889,  [2],  40,  193,  271.  See  also  Piccini  and 
Giorgis,  Journ.  Chem.  Soc,  1889,  56,  214  ;  and  Baker,  Jonrn.  Ohem.  Soc, 
1878,  33,  388. 
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Vanadium  and  Chlorine. 

422  The  only  compounds  of  vanadium  and  chlorine  described 
before  1867  were  oxychlorides.  Three  chlorides  free  from 
oxygen  have  been  subsequently  obtained  either  by  the  action 
of  chlorine  on  the  nitride  of  vanadium,  VN,  or  by  distilling  the 
oxychlorides  over  charcoal.^  The  following  chlorides  and  oxy- 
chlorides of  vanadium  are  now  known : 

Chlorides. 

Vanadium  tetrachloride      .     VCI4. 

trichloride     .     .     VCI3  or  V^Clg. 
dichloride      .     .     VCl^  or  V^Cl,. 

Oxychlorides. 

Vanadium  oxytrichloride    .  VOCl,. 

„         oxydichloride     .  VOCI2. 

„         oxymonochloride  VOCl. 

Divanadyl  monochloride     .  V2O2CI. 

„         tetrachloride      .  V202Cl4,5H20. 

Divanadium  trioxydichloride  V203Cl2,4H20. 

Vanadmm  Tetrachloride,  VCI4,  is  formed  when  metallic  vana- 
dium or  the  mononitride  is  heated  to  redness  in  an  excess  of 
chlorine.  It  is  best  prepared  by  repeatedly  passing  the  vapour  of 
vanadium  oxytrichloride,  together  with  an  excess  of  dry  chlorine, 
over  a  long  column  of  pure  sugar  charcoal  heated  to  dull  redness. 
It  can  also  be  prepared  by  treating  the  crude  vanadium, 
prepared  as  already  described  by  the  aid  of  aluminium,  with 
chlorine  and  removing  the  oxytrichloride,  which  is  also  formed, 
by  fractional  distillation.'''  Vanadium  tetrachloride  is  a  dark, 
brownish-red,  thickish  liquid,  which  evolves  white  fumes  when 
exposed  to  moist  air.  It  boils  at  154"  with  partial  decom- 
position, losing  chlorine  and  leaving  a  residue  of  the  trichloride. 
This  decomposition  takes  place  also  at  the  ordinary  temperature, 
especially  on  exposure  to  light.  It  does  not  solidify  at  — 18° ; 
its   specific   gravity  at  0°  is  1-8584,  and   its  vapour   density 

1  Roscoe,  Phil.  Trans.,  1869,  159,  679. 

'  Koppel,  Goldmann  and  Kaufmanii,  Zeit.  anorg.  Chem.,  1905,  45,  345. 
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at  205°  is  6'69,  the  calculated  vapour  density  being  6'675. 
When  thrown  into  water  the  tetrachloride  is  at  once  decom- 
posed, yielding  a  blue  solution  of  vanadyl  chloride. 

The  tetrachloride  heated  in  excess  of  chlorine  splits  up  into 
trichloride  and  free  chlorine,  so  that  vanadium  does  not  appear 
to  form  a  penta-compound  with  chlorine. 

Vanadium  Trichloride,  VCig. — The  foregoing  compound 
easily  decomposes,  as  has  been  stated,  into  this  body  and 
chlorine.  The  trichloride  is  obtained  either  by  the  slow  decom- 
position of  the  tetrachloride  at  the  ordinary  temperature  or  at 
its  boiling  point,  or,  together  with  the  dichloride  when  the 
vapour  of  the  tetrachloride  mixed  with  hydrogen  is  passed 
through  a  red-hot  tube,  as  well  as  when  the  trisulphide  is  heated 
in  chlorine.^  It  is  a  solid  substance,  crystallising  in  fine  peach- 
blossom  coloured,  shining  tablets,  closely  resembling  in  appear- 
ance the  crystals  of  chromium  trichloride.  It  is  non-volatile 
when  heated  in  hydrogen,  and  decomposes  when  heated  in  the 
air,  the  pentoxide  being  formed.  Ignited  in  a  current  of 
hydrogen  it  first  loses  one  atom  of  chlorine,  forming  the 
dichloride,  VClg,  parting  at  a  higher  temperature  with  the 
whole  of  its  chlorine,  and  leaving  a  residue  of  metallic  vanadium 
as  a  lustrous  grey  powder.  It  is  extremely  hygroscopic, 
instantly  deliquescing  on  exposure  to  moist  air  to  a  dark-brown 
liquid,  which  on  addition  of  a  drop  of  hydrochloric  acid  becomes 
green.  The  specific  gravity  of  vanadium  trichloride  is  3'0 ;  it 
readily  dissolves  in  absolute  alcohol  and  in  ether,  forming  green- 
coloured  solutions. 

A  hydrated  compound  of  the  composition  VClg.BHjO  can  be 
obtained  as  a  green  crystalline  powder  by  evaporating  in  vacuo 
a  solution  of  vanadium  sesquioxide  in  hydrochloric  acid,^  or  by 
dissolving  vanadium  pentoxide  in  hydrochloric  acid,  reducing  the 
solution  electrolytically  with  a  platinum  cathode  and  saturating 
the  green  solution  with  hydrochloric  acid.^  The  salt  decom- 
poses when  heated  before  all  the  water  has  been  driven  off. 
The  aqueous  solution  rapidly  oxidises  in  the  air.  Sparingly 
soluble  double  salts  are  formed  with  the  chlorides  of  the  alkali 
metals,*  the  potassium  salt  having  the  formula  VCl3,2KCl,H20. 

Vanadium  Bichloride  or  Vanadious  Chloride,  VClg. — This  is  a 

'  Halberstadt,  Ber.,  1882,  15,  1619. 
2  Locke  and  Edwards,  Amer.  Chem.  J.,  1898,  20,  594. 
'  Picoini  and  Brizzi,  Ztit.  anorg.  Chem.,  1899,  19,  394. 
*  Stabler  Btr.,  1904,  37,  4411. 


VANADIUM  OXYTRTCHLORIDE  933 

solid  body,  crystallising  in  fine  apple-green  coloured  plates,  hav- 
ing a  micaceous  lustre  and  a  hexagonal  form.  It  is  prepared  by 
passing  vanadium  tetrachloride,  mixed  with  dry  and  pure  hydro- 
gen, through  a  glass  tube  heated  to  dull  redness,  and  is  also 
formed  together  with  silicon  tetrachloride  when  vanadium 
silicide,  VSij,  is  heated  in  chlorine.^  Its  specific  gravity  at  18° 
is  3"23.  It  is  very  deliquescent,  yielding  a  lavender-coloured 
solution  of  vanadium  dichloride,  which  possesses  bleaching 
properties  (p.  927).  A  violet  solution  containing  the  chloride 
can  be  obtained  by  the  electrolytic  reduction  of  the  trichloride. 
When  it  is  evaporated  or  when  hydrochloric  acid  is  added, 
hydrogen  is  evolved  and  the  trichloride  is  formed,  the  reaction 
being  extremely  vigorous  when  a  piece  of  platinum  foil  is 
placed  in  the  acid  liquid.  Vanadious  chloride  is  therefore  a 
more  vigorous  reducing  agent  than  chromous  chloride.^  When 
the  dichloride  is  heated  to  whiteness  in  a  current  of  dry 
ammonia,  vanadium  monoiiitride  is  obtained  in  bronze-coloured 
pseudomorphous  crystals. 

Vanadium  Oxytrichloride  or  Vanadyl  Trichloride,  VOCI3, 
— This  compound,  corresponding  to  phosphorus  oxychloride,  is 
obtained  either  by  the  action  of  chlorine  on  the  oxides  VO 
and  V2O3  as  already  described,  or  by  heating  a  mixture  of  the 
pentoxide  and  charcoal  in  a  current  of  chlorine  : 

V2O5  +  3C  -I-  3CI2  =  2  VOCI3  +  3C0. 

In  the  latter  case  the  resulting  liquid  is  red-coloured  from  the 
presence  of  tetrachloride,  and  is  best  purified  by  rectification 
over  clean  sodium  in  a  current  of  carbon  dioxide.  It  is  also 
formed  ^  when  dry  hydrogen  chloride  is  passed  over  a  mixture 
of  vanadic  and  phosphoric  anhydrides  at  60—80°,  and  a  solution 
in  acetic  acid  may  be  obtained  by  treating  vanadium  pentoxide 
with  a  solution  of  hydrogen  chloride  in  glacial  acetic  acid.* 
Vanadyl  trichloride  is  a  bright  lemon-yellow  coloured  mobile 
liquid,  boiling  at  126'7°  and  having  a  specific  gravity  at  14°  of 
1-841.  It  does  not  solidify  at  —15°.  The  specific  gravity  of  its 
vapour  is  6-108  at  186°,  the  calculated  specific  gravity  being 
6-003. 

On  exposure  to  moist  air  vanadyl  trichloride  emits  vapours 
of  a  cinnabar-red  colour,  and  is  soon  decomposed  in  the  presence 

i  Moissan  and  Holt,  Compt.  rend.,  1902,  135,  78. 

"  Piccini  and  Marino,  Zeit.  anorg.  Chem.,  1902,  32,  68. 

''  Ephraim,  Zeit.  anorg.  Chem.,  1903,  35,  66. 

*  Koppel  and  Kaufmann,  Zeit.  anorg.  Chem.,  1905,  45,  352. 
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of  moisture  into  vanadic  and  hydrochloric  acids.  When  a  small 
quantity  of  water  is  added  it  becomes  thick  and  blood-red 
coloured  owing  to  the  formation  of  vanadic  acid.  A  large 
quantity  of  water,  however,  yields  a  clear  yellow  solution.^ 
When  the  oxychloride  is  ignited  in  a  current  of  dry  ammonia 
gas,  vanadium  mononitride  is  obtained.  Vanadium  oxychloride 
combines  with  ether  at  70°,  forming  a  compound  crystallising 
in  long  red  needles  and  having  the  composition  ¥€13(002115)2.^ 

When  vanadium  oxychloride  is  heated  with  zinc  to  400°, 
vanadium  dioxide  and  vanadyl  dicJihride,  VOClg,  are  formed ; 
the  latter  crystallises  in  green  tablets  which  deliquesce  on  ex- 
posure to  moist  air.  The  same  compound  is  formed  when  the 
vapour  of  vanadyl  trichloride  and  hydrogen  are  passed  through 
a  red-hot  tube.  In  this  case  vanadyl  monochloride,  VOCl,  and 
divanadyl  monochloride,  VgOjCl,  are  likewise  formed,  the  former 
as  a  flocculent  brown  powder  insoluble  in  water,  and  the 
latter  in  the  form  of  a  yellow  crystalline  powder  resembling 
mosaic  gold.  The  molecular  formulae  of  these  bodies  are  not 
known.  Vanadyl  dichloride  forms  double  compounds  with  two 
or  four  molecules  of  the  hydrochlorides  of  pyridine  and  quinoline.^ 

Divanadyl  Tetrachloride,  V202Cl4,5H20,(VOCl2,2-5H20).— 
When  vanadium  pentoxide  is  dissolved  in  hot  concentrated 
hydrochloric  acid,  chlorine  is  evolved  and  a  green  solution  is  ob- 
tained which  becomes  blue  with  deposition  of  sulphur  when  sul- 
phuretted hydrogen  is  passed  through  the  liquid.  A  brown 
amorphous  deliquescent  mass  is  obtained  on  evaporation,  possess- 
ing the  above  composition.  It  dissolves  in  water  yielding  a  blue 
solution  ;  but  when  treated  with  strong  hydrochloric  acid  or 
alcohol  the  solution  is  brown,  and  this  change  may  possibly  be 
due  to  the  existence  of  two  different  hydrates.* 

A  compound  of  the  formula  V203Cl2,4H20  has  also  been 
obtained  as  a  dark  green  deliquescent  mass,  by  the  action  of 
hydrochloric  acid  on  vanadium  pentoxide.^ 

Vanadium  and  Bromine  and  Iodine. 

423  Vanadium  Tribromide,  VBrg. — This  is  the  only  known 
compound  of  the  above  elements.     It  condenses  as  a  greyish- 

1  See  AgafoDoff,  J.  Russ.  Phys.  Ohem.  Soc,  1903,  35,  649. 

2  Bedson,  Joum.  Ohem.  Soc,  1876,  i,  309. 

'  Koppel,  Goldmann  and  Kaufmann,  Zeit.  anorg.  Chem.,  1905,  45,  345. 
*  Crow,  Joum.  Chem.  Soc,  1876,  ii.,  453. 
'  Ditte,  Compt.  rend.,  1886,  102,  1310. 
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black  compact  amorphous  sublimate,  when  dry  bromine  vapour 
is  passed  in  excess  over  vanadium  nitride  or  over  a  mixture  of 
vanadium  trioxide  and  charcoal  heated  to  redness.  It  is  a  very 
unstable  compound,  losing  bromine  even  at  the  ordinary  tem- 
perature in  dry  air,  and  deliquescing  rapidly  on  exposure  to 
moist  air. 

The  hydrated  bromide,  VBrg.GHgO,  and  the  corresponding 
iodide  can  be  prepared  in  a  similar  manner  to  the  hydrated 
chloride,  which  they  closely  resemble. 

Vanadyl  Tribromide,  VOBrg,  obtained  by  passing  dry  bromine 
vapour  over  vanadium  sesquioxide  heated  to  redness,  is  a  dark-red 
transparent  liquid,  having  a  density  of  2967  at  0°.  It  may  be 
distilled  under  diminished  pressure,  passing  over  without  decom- 
position at  a  temperature  of  about  130°  under  a  pressure  of 
100  mm.  When  heated  under  the  ordinary  atmospheric  pressure 
it  suddenly  solidifies  at  180°,  decomposing  into  free  bromine  and 
vanadyl  dihromide,  VOBrg,  which  is  a  brownish-yellow  powder. 

Divanadyl  Tetra-iodide,  V20.2l4,8Il20,  is  formed  by  the  action 
of  hydriodic  acid  on  vanadium  pentoxide  as  a  dark  deliquescent 
mass.^ 

Vanadium  pentoxide  also  appears  to  form  a  double  compound 
with  iodine  pentoxide. 

Vanadium  and  Sulphur. 

424  The  sulphides  of  vanadium  correspond  to  the  oxides.^ 

Berzelius  described  a  persulphide  and  a  bisulphide  of  vana- 
dium. Both  of  these,  when  prepared  by  precipitation  according 
to  the  methods  given  by  him,  seem  to  be  mixtures  of  various 
oxysulphides.  His  bisulphide  prepared  in  the  dry  way  is  in 
reality  the  trisulphide  VgSg. 

Vanadium  Monosulphide,  VS,  is  formed  when  the  sesqui- 
sulphide  is  strongly  heated  in  a  current  of  hydrogen.  It  forms 
a  brownish-black  powder  or  glistening  brown  scales,  which 
dissolve  slowly  in  dilute,  but  quickly  in  strong  nitric  acid.  It 
dissolves  gradually  in  alkali  hydrosulphides  yielding  a  violet 
solution. 

Vanadium  Sesquisulphide  or  Trisulphide,  VgSg. — This  was  the 
only  vanadium  salt  free  from  oxygen  prepared  by  Berzelius.  He 
obtained  it  by  heating  the  sesquioxide  in  a  current  of  sulphuretted 

1  Ditte,  Gompt.  rend.,  1886,  102,  1310. 

2  Kay,  Journ.  Chem.  Soc,  1880,  37,  728. 
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hydrogen.  It  can  in  like  manner  be  prepared  from  the  pent- 
oxide,  the  oxychloride,  or  any  of  the  chlorides,  but  it  is  best 
obtained  by  acting  on  the  ignited  pentoxide  with  carbon 
disulphide  vapour.  It  is  a  greenish-black  powder  possessing 
properties  similar  to  those  of  the  monosulphide,  VS. 

Vanadium  Pentasulphide,  V2S5,  is  formed  by  heating  the  fore- 
going with  sulphur  to  400'.  It  is  a  black  powder  which  on 
heating  in  a  current  of  carbon  dioxide  yields  sulphur  and  the 
sesquioxide  (Kay). 

Ammonium  Thiovanadate,  (NH^)3VS^,  is  obtained  by  passing 
sulphuretted  hydrogen  into  a  cooled  solution  of  ammonium 
metavanadate  in  ammonia  of  specific  gravity  0'898.  The 
crystals  resemble  those  of  potassium  permanganate.  If  weaker 
ammonia  be  employed,  ammonium  Jiexasulphopyrovanadate, 
(NHJ^VjSgO,  is  formed  in  dark-green  crystals. 

Several  sodium  and  potassium  salts  of  a  similar  character 
have  been  prepared  from  the  corresponding  meta-  and  pyro- 
vanadates.^ 

Vanadyl  or  Hypovanadic  S^dphite,  6V02,4S02,9H20,  is 
prepared  b}^  reducing  barium  vanadate  with  sulphur  dioxide, 
and  filtering  from  the  barium  sulphate,  formed  according  to  the 
equation  : 

Ba(  VOg)^  -t-  H2SO,  =  BaSO,  +  H^O  -|-  2  VO^. 

When  the  filtrate  is  evaporated  in  an  atmosphere  of  sulphur 
dioxide,  the  sulphite  separates  as  a  dark  blue  crystalline  powder, 
which  decomposes  when  preserved.  It  forms  two  series  of 
double  salts  with  the  alkali  sulphites.^ 

Vanadious  Siclphate,  VS04,7H20,  can  be  prepared  by  the 
electrolytic  reduction  of  the  blue  solution  obtained  by  the 
action  of  sulphur  dioxide  on  vanadic  anhydride  in  the  presence 
of  sulphuric  acid.  In  order  to  obtain  this  salt  in  the  pure  state 
the  greatest  precautions  must  be  taken  to  exclude  oxygen. 
The  blue  solution  gradually  becomes  green,  then  blue  again, 
and  finally  violet  as  the  reduction  proceeds.  It  is  then 
evaporated  in  vacuo,  and  the  crystals  separated  and  dried  with 
filter  paper  in  an  atmosphere  of  carbon  dioxide.  The  salt  is 
thus    obtained   in   reddish-violet    monoclinic    crystals,    which 

^  Krtiss  and  Ohnmais,  Ammlen,  1891,  263,  .39;  Kriiss,  Zeit.  anorg.  Chem., 
1893,  3,  264;  Locke,  Amer.  Chem.  J.,  1898,  20,  373. 

^  Koppel  and  Berendt,  Zeit.  anorg.  Chem.,  1903,  35,  154;  Gain,  Compt. 
rend.,  1907,  144,  1157. 
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become  bluish-violet  on  drying  and  are  very  soluble,  in  water, 
yielding  a  pure  violet-coloured  solution,  which  becomes  bluish- 
violet  in  the  presence  of  the  slightest  trace  of  oxygen.  The 
solution  at  once  reduces  copper  salts  to  metallic  copper, 
the  reaction  proceeding  quantitatively  according  to  the 
.  equation : 

2  VSO,  -f-  CuSO,  =  V2(SO,)3  +  Cu. 

The  salts  of  silver,  tin,  gold,  platinum,  and  mercury  are  also 
reduced  to  the  metal. 

Vanadious  sulphate  appears  to  be  isomorphous  with  ferrous 
sulphate,  FeSO^jTH^O,  and  mixed  crystals  have  been  obtained 
both  with  ferrous  sulphate  and  with  magnesium  sulphate.  It 
readily  forms  double  salts  of  the  type  R'2S04'I^"SO^,6H20  with 
the  alkali  sulphates.  These  can  be  prepared  by  adding  the 
proper  sulphate  to  the  liquid  to  be  reduced  and  crystallising,  &c., 
as  in  the  preparation  of  the  pure  sulphate.  The  ammonium  salt, 
(NHJgSO^.VSO^.GHgO,  forms  reddish-violet  monoclinic  crystals 
and  is  less  easily  oxidised  than  the  pure  sulphate,  and  the 
potassium  and  rubidium  salts  closely  resemble  it.^ 

Vanadium  Sesguisidphaie,  ¥2(804)3. — When  the  blue  solution 
of  vanadyl  sulphate,  prepared  from  100  grams  of  vanadic 
anhydride,  200  c.c.  of  water  and  100  c.c.  of  concentrated  sul- 
phuric acid,  is  reduced  electrolytically  until  the  vanadium  is  pre- 
sent in  the  trivalent  form,  the  compound  V2(S04)3,H2S04,12H20, 
known  as  vanadium,  sesquisulphate  sulphuric  acid,  separates 
out  as  a  green,  crystalline  powder.  It  readily  forms  a  salt 
when  evaporated  with  ammonium  sulphate,  green  crystals 
separating  out  of  the  composition  V2(S0J3,(NHJ2S04,12H20. 

When  the  acid  is  dissolved  in  a  little  water,  sulphuric  acid 
added,  and  the  mass  heated  at  180°  in  a  current  of  carbon 
dioxide,  the  anhydrous  sulphate  separates  out  as  a  micro- 
crystalline  yellow  powder  which  is  insoluble  in  water.^  These 
compounds  have  a  very  close  resemblance  to  the  corresponding 
derivatives  of  titanium  sesquioxide  (p.  818).  A  solution  of  the 
sulphate  acts  as  a  vigorous  reducing  agent,  and  precipitates  the 
metal  from  an  acid  solution  of  copper  sulphate  (Rutter). 

Vanadium  Alums. — Several  alums  have  been  prepared  by 

'  Piocini,  Zeit.  anorg.  Chem.,  1899, 19,  204;  Picciniand  lAarino,  Zeit.  anorg. 
Chem.,  1902,  32,  55 ;  Marino,  Zeit.  anorg.  Chem.,  1906,  50,  49  ;  Rutter,  Zeit. 
Eletarochem.,  1906,  12,  230;  Zeit.  anorg.  Chem.,  1907,  52,  368. 

2  Stahler  and  Weithwein,  Ber.,  1905,  38,  3978. 
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treating  a  metavanadate  with  sulphurous  acid  in  the  presence  of 
sulphuric  acid,  and  then  reducing  electrolytioally.  Ammonium 
vanadium  alum,  (NH^)2SO^,V2(SO^)3,24H20,  crystallises  in 
hemihedral  forms  of  the  regular  system  and  is  violet-coloured. 
Alums  containing  potassium,  rubidium,  caesium,  and  thallium 
have  also  been  prepared.^  A  good  yield  of  the  alum  is  obtained 
by  the  electrolysis  of  ammonium  metavanadate.  The  ammonium 
metavanadate  is  placed  in  a  porous  cell  with  50  per  cent, 
sulphuric  acid,  a  lead  cathode  being  employed.  The  electrolysis 
is  continued  until  the  solution  becomes  green,  when  on  standing 
ammonium  vanadium  alum  crystallises  out.^ 

The  Vanadyl  or  Hypovanadic  Sulphates. — The  blue  solution 
obtained  by  the  action  of  sulphur  dioxide  on  a  suspension  of 
vanadic  anhydride  in  dilute  sulphuric  acid  contains  sulphates 
of  the  radical  Ycfi^^  or  VO".  These  were  termed  hypovanadic 
sulphates  by  Roscoe,  but  are  now  generally  known  as  the 
vanadyl  sulphates.  From  all  solutions  in  which  the  molecular 
ratio  HgSO^rVOg  is  greater  than  1"5:1,  acid  sulphates  are 
obtained  up  to  a  temperature  of  about  201'5°;  from  solutions  in 
which  the  ratio  is  less  than  this  normal  salts  are  obtained,  and 
these  are  also  formed  by  heating  the  acid  sulphates  to  about 
260°,  or  by  treating  them  with  water  or  alcohol.  At  the  boiling 
point  of  sulphuric  acid  oxidation  occurs,  vanadic  anhydride  and 
sulphur  dioxide  being  formed  (Koppel  and  Behrendt). 

Vanadyl  Sulphate,  ¥202(80^)2,  is  deposited  as  an  insoluble 
blue  sandy  powder  by  dissolving  the  dioxide,  VOj,  in  excess  of 
sulphuric  acid  and  heating  the  solution  for  some  time  to  260°.^ 
If  the  dioxide  be  dissolved  in  sulphuric  acid,  the  solution 
evaporated,  and  the  residue  treated  with  absolute  alcohol,  a 
sky-blue  powder  remains,  which  is  a  soluble  form  of  the 
sulphate  and  deliquesces  in  moist  air.  This  is  also  formed  by 
heating  the  insoluble  form  with  water  at  130°.  If  the  solution 
be  allowed  to  evaporate  spontaneously  over  sulphuric  acid,  fine 
blue  rhombic  prisms  having  the  composition  yfi^(SO^)2A^2^ 
are  deposited  (Berzelius).  In  addition  to  this,  hydrates  with 
13,  10,  7,  3,  and  2  molecules  of  water  have  been  described. 
When  the  acid  solution  containing  more  than  1'5  molecular 

1  Piocini,  Zeit.  anorg.   Chem.,  1896,  11,  106     Ghe.m.   Centr.,  1897,  i,  223; 
Biilteraann,  Zeit.  Ekktrochem.,  1904,  9,  141. 

2  Reiischler,  Zeit.  Elektrochem. ,  1912,  18,  137. 

'  Gerland,  Ber.,  1877,  10,  2109;  Koppel  and  Behrendt,  Zeit.  anorg.  Chem., 
1903,  35,  154. 
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proportions  of  sulphuric  acid  is  evaporated,  various  hydrates  of 
the  acid  salt  (V202)H2(SOJ3  are  obtained.  The  hydrate  with 
SHgO  is  prepared  by  evaporating  the  solution  on  the  water 
bath,  and  washing  the  dried  crystals  with  ether  (Crow);  at  125° 
the  hydrate  with  SHgO  is  formed,  and  this  can  also  be  obtained 
by  precipitating  a  concentrated  solution  of  any  of  the  vanadyl 
sulphates  with  concentrated  sulphuric  acid.  At  150°  the 
dihydrate  is  formed,  at  175°  a  salt  with  0'5  molecule  of  water, 
and  at  190°  the  anhydrous  compound,  2V02,3S03,  which  is  a 
green  powder,  consisting  of  microscopic  tetragonal  tablets,  and 
is  sparingly  soluble  in  water  (Koppel  and  Behrendt).^ 

Many  double  salts  also  of  this  series  are  known;  the  com- 
position of  these  compounds  will  be  found  in  the  memoirs  cited 
above. 

Normal  Divanadyl  Trisulphate,  (^0)2(80^)3,  is  obtained, 
according  to  Berzelius,  by  dissolving  the  pentoxide  in  hot 
sulphuric  acid  which  has  been  diluted  with  half  its  weight  of 
water.^  On  evaporating  at  a  low  temperature  the  salt  crystal- 
lises out  in  reddish-brown,  very  deliquescent  scales.  The  same 
compound  is  obtained  in  ruby-red  octahedra  by  boiling  the 
pentoxide  with  an  excess  of  sulphuric  acid.  When  these  are 
heated  to  the  melting  point  of  lead,  the  basic  salt  (¥0)20(804)3 
remains  as  a  red  mass,  exhibiting  small  bright  crystalline 
faces. 

If  the  pentoxide  be  dissolved  in  concentrated  sulphuric  acid 
and  the  solution  evaporated,  the  basic  salt  V0(0H)S04  is 
formed  ^  as  a  sandy  reddish-yellow  powder.  According  to 
Gerland  this  is  identical  with  the  preceding  compound. 

When  potassium  vanadate  is  dissolved  in  strong  sulphuric 
acid  and  the  excess  of  acid  driven  off  by  heat,  the  double  salt 
^2^^i,(yO\(SO^)s  is  obtained  as  a  yellow  crystalline  powder 
(Berzelius). 

Vanadium  and  Niteogen,  Phosphorus,  and  Arsenic. 

425  Vanadium  Mononitride,  VN. — The  process  described  by 
Berzelius  for  preparing  metallic  vanadium  by  heating  the 
ammonio-oxychloride  in  an  atmosphere  of  ammonia  does  not 
yield  the  metal,  but  the  mononitride,  vanadium  being  one  of 

^  See  also  Gain,  Compt.  rend.,  1906,  143,  1154. 

2  See  also  Ditte,  Oompt.  rend.,  1886,  102,  757. 

3  Gerland,  Ber.,  1878,  11,  98. 
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the  metals  distinguished  by  its  power  of  direct  union  with 
nitrogen.  The  substance  obtained  by  strongly  igniting  the 
ammonio-oxychloride  in  a  current  of  dry  ammonia  (or  rather 
of  its  component  gases)  at  a  white-heat  is  a  greyish-brown 
powder,  which  does  not  undergo  change  at  ordinary  temperatures. 
The  mononitride  is  likewise  obtained  when  the  black  residue 
left  on  calcining  ammonium  metavauadate  in  the  air  is  heated 
to  whiteness  in  a  current  of  dry  ammonia.  Another  and  still 
more  simple  plan  of  obtaining  the  nitride  is  to  expose  the  oxide 
to  the  action  of  ammonia  gas  at  a  white-heat. 

When  heated  in  the  air  vanadium  mononitride  glows  and 
slowly  oxidises  to  the  blue  oxide ;  when  heated  with  soda-lime, 
ammonia  is  produced. 

Vanadium  Binitride,  VN^,  is  obtained  as  a  black  powder  by 
passing  ammonia  over  vanadyl  trichloride,  heating  the  residue  in 
a  glass  tube  to  expel  ammonium  chloride,  washing  with  water, 
and  drying  in  a  vacuum  over  sulphuric  acid. 

426  Extended  series  of  phosphovanadic  and  arsenovanadic 
acids  and  their  derivatives  have  been  described  by  Berzelius,i 
Ditte,^  and  Gibbs.^  According  to  Friedheim  *  these  substances 
are  phosphates  and  arsenates  of  vanadium  (and  double  salts  of 
these  with  the  vanadates),  in  which  vanadic  anhydride  acts 
as  a  weak  base,  the  radical  VOj  replacing  one  or  two  hydrogen 
atoms  of  phosphoric  or  arsenic  acid.  They  can  be  prepared  by 
bringing  the  requisite  salts  together. 

Phosphovanadic  Acid,  2(V02)B2PO^,9H20  =  Vf>^^f)^,\rE.f), 
is  formed  when  vanadic  anhydride  is  heated  with  syrupy  phos- 
phoric acid,  and  crystallises  in  golden-yellow  flakes. 

Arsenovanadic  Acid,  As2O5,V2Og,10H2O,  is  prepared  in  a  simi- 
lar manner,  and  forms  yellow  crystals. 

Vanadium  and  the  Elements  of  the  Carbon  Group. 

427  Vanadium  Carbide,  VC,  is  formed  when  vanadic  anhy- 
dride is  heated  with  carbon  in  the  electric  furnace.  It  forms 
hard  crystals  of  the  specific  gravity  5-405,  burns  in  oxygen,  and 
becomes  incandescent  when  heated  in  chlorine.^  It  is  silvery- 
white,  very  hard,  and  melts  at  2750°." 

^  Lehrbuch,  (6)  3,  1037.  2  Compt.  rend.,  1886,  102,  757 

'  Amer.  Ohem.  J.,  1885-6,  7,  118,  209.  *  Ber.,  1890,  23,  1530,  2600. 

is  Moissan,  Compt.  rend.,  1896,  122,  1297. 
"  Ruff  and  Martin,  Zeit.  angew.  Chem.,  1912,  25,  49, 
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Vanadium  Cyanides.  —  Double  salts  of  vanadium  di- 
cyanide  and  tricyanide  with  potassium  cyanide  of  the  formulae 
K,V(CN)g,3H20  and  K3V(CN)g  have  been  prepared.^ 

Potassium  Vanadic  Thiocyanate,  V(SCN)3,3KSCN,4H20,  is 
prepared  ina  similar  manner  to  the  cyanide  (Locke  and  Edwards), 
and  separates  in  dark  red  crystals,  the  solution  of  which  in  water 
rapidly  decomposes.  The  ammonium  and  sodium  salts  have 
also  been  obtained. - 

Complex  ammonia  vanadyl  thiocyanates  and  oxalates  have 
likewise  been  prepared.^ 

Vanadium  and  Silicon. — Vanadium  forms  two  compounds 
with  silicon.  The  silicide,  V2Si,  is  prepared  *  by  heating 
120  parts  of  the  sesquioxide  with  14  of  silicon  in  the 
electric  furnace,  or  better  by  heating  this  mixture  with  either 
carbon  or  copper.  It  forms  hard,  silver-white  prisms  with  a 
metallic  lustre,  and  has  the  sp.  gr.  5'48  at  17°.  It  is  only 
attacked  by  fluorine  when  gently  heated,  and  it  is  readily 
decomposed  when  heated  in  chlorine,  bromine,  or  hydrogen 
chloride.  It  is  insoluble  in  acids,  with  the  exception  of  hydro- 
fluoric acid,  and  is  decomposed  by  fused  potash.  When  it 
is  fused  with  silicon  it  is  converted  into  the  disilicide,  VSig, 
which  can  be  obtained  also  by  heating  the  sesquioxide  with  an 
excess  of  silicon  in  the  electric  furnace,  or  by  igniting  a  mixture 
of  the  oxide  and  silicon  with  metallic  magnesium.^  It 
forms  hard  prisms  with  a  metallic  lustre,  has  the  sp.  gr.  4'42, 
and  melts  and  volatilises  in  the  electric  furnace.  It  is  soluble 
in  hydrofluoric  acid,  burns  when  heated  in  fluorine,  chlorine,  or 
brom.ine,  and  is  attacked  by  gaseous  hydrogen  chloride.  It  is  also 
decomposed  by  fused  alkalis,  and  by  molten  copper,  an  alloy  of 
this  metal  with  vanadium  being  formed. 

Detection  and  Estimation  of  Vanadium. 

428  Insoluble  vanadium  compounds  can  be  brought  into 
solution  by  treatment  either  with  acids  or  with  alkalis.  The 
hydrochloric  acid  solution  assumes  a  bright  blue  colour  on  the 
addition  of  zinc.  A  solution  of  vanadyl  sulphate  cannot  be 
distinguished  in  colour  from  one  of  copper  sulphate  when  diluted 

'  Petersen,  Zeit.  anorg.  Chem.,  1904,  38,  342;  Locke  and  Edwards,  Amer. 
Ohem.  J.,  1898,  20,  594. 
2  Cioci,  Zdt.  anorg.  Chem.,  1899,  19,  308. 
'^  Koppel  and  Goldmaun,  Zeit.  anorg.  Chem.,  1903,  3S,  281. 
"  Moissan  and  Holt,  Compt.  rend.,  1902,  135,  493. 
*  Moissan  and  Holt,  Compt.  rend.,  1902,  135,  78. 
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to  the  requisite  extent  with  water.  It,  however,  of  course,  does 
not  become  colourless  in  presence  of  metallic  iron.  Solutions 
of  certain  vanadates  also  closely  resemble  solutions  of  the  chro- 
mates.  Thus,  for  instance,  a  solution  of  the  tetravanadate  of 
potassium  does  not  differ  in  appearance  from  one  of  potassium 
dichromate.  They  may,  however,  be  distinguished  from  one 
another,  inasmuch  as  the  vanadate  solution  becomes  blue,  whilst 
the  chromate  assumes  a  green  colour,  on  reduction.  When 
a  solution  of  vanadic  acid  or  an  acid  solution  of  an  alkali 
vanadate  is  shaken  up  with  ether  containing  hydrogen  peroxide, 
the  aqueous  solution  assumes  a  red  colour  like  that  of  ferric 
acetate.  This  reaction  serves  to  detect  1  part  of  vanadic  acid 
in  40,000  parts  of  the  liquid,  and  is  not  affected  by  the  presence 
of  chromic  acid.^ 

For  the  quantitative  estimation  of  vanadium,  von  Hauer 
proposed  the  precipitation  of  ammonium  metavanadate,  in- 
soluble in  solution  of  ammonium  chloride.  This  on  ignition 
yields  the  pure  pentoxide.  This  separation  of  vanadic  acid  from 
the  metals  of  the  alkalis  by  means  of  ammonium  chloride,  how- 
ever, gives  too  low  results,  both  as  regards  the  vanadium  and 
the  alkali.  It  is  almost  impossible  to  prevent  traces  of  ammo- 
nium metavanadate  from  dissolving,  and  on  ignition,  even  with 
the  greatest  care,  some  portions  of  the  finely  divided  vanadium 
pentoxide  are  invariably  carried  off  when  the  ammonia  escapes. 
On  the  other  hand,  the  volatilisation  of  the  comparatively  large 
quantities  of  ammonium  chloride  which  must  be  employed  in 
order  to  ensure  the  complete  precipitation  of  the  vanadium 
almost  always  entails  a  considerable  loss  of  the  fixed  alkali  chlo- 
rides. A  far  more  accurate  plan  for  the  separation  of  vanadium 
is  the  precipitation  of  the  soluble  vanadate  by  lead  acetate,  when 
basic  lead  vanadate  is  precipitated,  which  is  so  insoluble  that  a 
portion  when  finely  powdered  and  boiled  in  water  does  not  dis- 
solve in  sufficient  quantity  to  enable  the  lead  to  be  detected  in 
the  filtrate  by  the  reaction  with  sulphuretted  hydrogen.  The  salt 
is  insoluble  also  in  acetic  acid,  but  it  dissolves  readily  in  nitric 
acid,  liberating  vanadic  acid,  which  separates  out,  but  dissolves 
completely  when  the  liquid  is  warmed.  In  the  analysis  of  a 
soluble  vanadate  this  insoluble  lead  salt  is  collected  on  a  filter, 
dried  at  100°,  and  weighed ;  a  given  quantity  of  the  dried  salt 
is  then  dissolved  in  nitric  acid,  the  lead  precipitated  by  pure 
sulphuric  acid,  and  the  lead  sulphate  estimated  with  the  usual 
1  G.  Werther,  J.  pr.  Chem.,  1863,  88,  195. 
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precautions  by  evaporation,  addition  of  alcohol,  &c.,  or  the  filtrate 
is  evaporated  and  the  residue  heated  and  weighed  as  vanadic 
anhydride.^  The  lead  sulphate  thus  obtained  is  (contrary 
to  Berzelius's  statement)  quite  free  from  vanadium,  whilst  the 
vanadium  pentoxide  in  the  filtrate  is  obtained  perfectly  pure 
and  well  crystallised  on  evaporation  and  ignition.  The  filtrate 
from  the  lead  vanadate,  freed  from  excess  of  lead  by  means 
of  sulphuric  acid  and  evaporated,  yields  the  alkali  sulphate, 
containing  no  trace  of  vanadium.  Vanadium  may  be  very 
readily  estimated  volumetrically  when  no  other  reducible  metals 
are  present.  For  this  purpose  the  solution  of  vanadic  acid 
in  sulphuric  acid  is  diluted  and  reduced  to  a  vanadyl  salt  by 
passing  a  current  of  sulphur  dioxide  through  it  and  afterwards 
boiling  to  expel  the  excess  of  this  gas.  Standard  permanganate 
is  then  added  until  a  permanent  coloration  is  obtained.  The 
inverse  process  may  also  be  employed,  and  the  acid  solution  of 
a  vanadate  titrated  with  decinormal  ferrous  sulphate  solution, 
potassium  ferricyanide  being  employed  as  indicator.^  Under 
these  circumstances  the  acid  is  reduced  to  VOj  and  the 
process  can  be  carried  out  in  the  presence  of  copper.  The 
reduction  may  also  be  effected  by  repeated  evaporation  with 
hydrochloric  acid.^ 

The  Atomic  Weight  of  vanadium  has  been  determined  in 
several  ways.  One  is  by  igniting  vanadium  pentoxide  in  dry 
hydrogen,  when  it  is  reduced  to  the  sesquioxide,  and  the  atomic 
weight  of  vanadium  is  then  deduced  by  the  relation, 

a     2a;  +  5  X  16-00      ,  „  ^„  (5&  -  3a) 

T=5 — ,   o  ^,  ic.AA. whence  x  =  HvO t — , 

0     2x  -\-  3  X  1 6  00  a  —  0    ' 

where  a  is  the  weight  of  vanadium  pentoxide  taken,  and  h  is 
the  weight  of  sesquioxide  obtained. 

The  following  results  were  obtained  by  Roscoe  :  * 


(1) 

Weight  of 
pentoxide  taken. 

.    .    7-7397 

Weight  of 
sesquioxide  obtained. 

6-3827 

Atomic  weight 
of  vanadium. 

51-26 

(2) 

.    .    6-5819 

5-4296 

51-39 

(3) 

.    .     5-1895 

4-2819 

51-49 

(4)    , 

.    .    5-0450 

4-1614 

51-35 

^  Cormimbceuf,  Ann.  Ohim.  anal.,  1902,  7,  258. 
2  Williams,  /.  Soc.  Chem.  Ind.,  1902,  21,  389. 

^  Carapagne,  Ber.,  1903,  36,  3164 ;  see  also  Gooch  and  Stookey,  Amer.  J. 
Hci.,  1902,  [4],  14,  369  ;  Gooch  and  Gilbert,  Zeit.  anorg.  Ohem.,  1903,  35,  420. 
'  PML  Traivt.,  1868,  158,  6. 
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The  mean  atomic  weight  of  these  four  experiments  is  51'37. 
A  second  and  more  reliable  method  for  the  determination  of 
the  atomic  weight  of  vanadium  is  the  analysis  of  vanadyl 
trichloride.  The  chlorine  in  this  compound  was  estimated 
by  Roscoe  both  volumetrically  and  gravimetrically.  Nine 
volumetric  determinations  gave  for  the  ratio  VOCI3 :  Ag  the 
mean  value  53'59 :  100,  while  eight  gravimetric  estimations 
gave  for  the  ratio  VOCI3 :  AgCl  the  mean  value  40-38 :  100. 
The  atomic  weight  deduced  from  the  mean  of  both  series  is 
51 '16.  A  more  recent  gravimetric  analysis  of  vanadyl  tri- 
chloride by  Prandtl  and  Bleyer^  has  given  the  value  51'06, 
while  McAdam,''^  by  the  reduction  of  sodium  vanadate  to  sodium 
chloride,  finds  50'97.  The  value  now  (1913)  adopted  for  the 
atomic  weight  of  vanadium  is  51'0. 


COLUMBIUM  (Niobium).     Cb  =  93-5. 

429  This  metal  is  so  closely  connected  with  the  next  member 
of  the  same  group,  tantalum,  that  it  will  be  most  convenient  to 
consider  their  history  together. 

In  the  year  1801,  Hatchett^  laid  before  the  Royal  Society 
an  investigation  on  a  mineral  known  as  columbite,  from 
Massachusetts,  which  he  believed  to  contain  a  new  metal 
to  which  he  gave  the  name  of  coluinhmm.  In  the  following 
year,  Ekeberg,^  in  Sweden,  investigating  the  yttrium  minerals, 
discovered  a  new  element  in  a  mineral  to  which  he  afterwards 
gave  the  name  of  yttrotantalite,  whilst  the  same  element  also 
occurred  in  a  mineral  termed  tantalite.  In  consequence  of  this 
he  named  the  metal  tantalum,  partly  because  mythological 
names  were  frequently  used,  and  partly  also  as  pointing  to  the 
fact  "that  when  placed  in  the  midst  of  acids  it  is  incapable 
of  taking  any  of  them  up  and  saturating  itself  with  them." 

In  1809,  Wollaston  ^  endeavoured  to  show  that  columbium 
and  tantalum  were  identical,  and  a  few  years  later  Berzelius  * 
more  carefully  investigated  the  oxides  of  the  last-named  metal 
obtained  from    tantalite,    and  prepared  tantalic   acid.      After- 

1  Zeit.  anorg.  Chem.,  1909,  65,  152 ;  1910,  67,  257. 

■■^  J.  Amer.  Ohem.  Soc. ,  1910,  32,  1603. 

•i  Fhil.  Trans.,  1802,  92,  49.  ■>  Ann.  Chim.,  1802,  43,  276. 

'  Phil.  Trans.,  1809,  99,  246.  «  Pogg.  Ann.,  1820,  4,  6. 
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wards,  in  1839,  Wohler^  found  that  the  acid-forming  oxide 
contained  in  pyrochlor  and  in  the  Bavarian  tantalites  possessed 
peculiar  properties  ;  and  Rose  ^  then  observed  that  the  colum- 
bites  ofBodenmais  contained  the  oxide  of  a  new  metal,  to  which 
he  gave  bhe  name  of  niobium  (Nb),  and  in  1846  he  thought 
that  he  had  found  a  third  new  metal,  to  which  he  gave  the  name 
of  pelopium.  In  1853  he  came  to  the  conclusion  on  further 
investigation  that  niobic  acid  and  pelopic  acid  were  different 
oxides  of  niobium,  and  to  the  first  of  these  he  gave  the  name  of 
niobic  acid,  whilst  the  latter  was  designated  as  hyponiobic  acid. 
These,  however,  exhibited  "'  a  relationship  so  peculiar  that  the 
whole  range  of  chemistry  does  not  furnish  an  example  of  a 
similar  kind."  ^  In  1856-7  Hermann  observed  that  niobium 
and  tantalum  usually  occurred  together,  whilst  in  1864-5,  Blom- 
strand*  showed  that  Rose's  hyponiobic  chloride  contained 
oxygen,  and  was  an  oxychloride,  and  Marignac  ^  almost  at  the 
same  time  proved  that  the  double  salts  which  hyponiobic  fluoride 
forms  with  metallic  fluorides  are  isomorphous  with  similar 
double  salts  containing  titanium  fluoride,  TiF^,  and  tungsten 
oxyfluoride,  WOgFg.  Inasmuch  as  the  sum  of  the  atoms  in  all 
these  isomorphous  compounds  is  constant,  and  as,  according  to 
analysis,  the  hyponiobic  fluoride  contains  three  atoms  of  fluorine 
for  one  of  oxygen,  Marignac  concluded  that  it  must  be  an  oxy- 
fluoride of  the  composition  NbOFg,  and  he  succeeded  in  obtaining 
experimental  evidence  of  the  truth  of  this  view.  At  the  same 
time  he  showed  that  tantalic  acid,  which  up  to  that  time  had 
been  supposed  to  be  analogous  to  titanic  acid,  and  to  which  the 
formula  TaOj  had  been  given,  must,  like  the  highest  oxide  of 
niobium,  be  a  pentoxide,  as  these  two  oxides  occur  in  isomor- 
phous mixture  in  several  minerals,  and  as  both  metals  form 
isomorphous  double  fluorides,  such  as  K^TaF^  and  KjNbF^. 

The  name  columbium,  originally  proposed  by  Hatchett,  has 
always  been  employed  in  America  for  Rose's  niobium,  and  has 
recently  also  been  adopted  in  England,  whilst  in  Germany  the 
name  niobium  is  retained. 

The  truth  of  this  view  of  the  composition  of  the  columbium 
and  tantalum  compounds  was  confirmed  bj^  the  experiments  of 
Deville   and   Troost,*   who   in    1865    determined    the    vapour 

1  Pogg.  Ann.,  1839,  48,  91. 

2  Pogg.  Ann.,   1844,  63,  307,  693 ;  1846,  69,  118. 

•>  Pogg.  Ann.,  1853,  90,  471.       ^  /.  pr.  Chem.,  1866,  97,  37. 
5  Ann.  Chim.  Phys.,  1866,  [4],  8,  5,  49. 
«  Compt.  rend.,   1865,  60,  1221. 
VOL,  II  3  P 
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densities  of  eolumbium  chloride,  columbium  oxychloride,  and 
tantalum  chloride,  -which  -were  found  to  correspond  to  the 
formulae  CbClg,  ObOClg,  and  TaClg.  The  investigations  of 
Blomstrand  and  Marignac  next  showed  that  the  metal 
dianmm,  supposed  by  v.  Kobell  to  be  contained  in  various 
columbites,  is  in  fact  identical  with  columbium,  and  Marignac 
further  showed  that  ibneniuni,  which  Hermann  believed  he  had 
discovered  in  samarskite,  is  a  mixture  of  columbium  and 
tantalum.  It  appears  certain  that  neptunium,  also  discovered 
by  Hermann,  is  a  similar  mixture.^ 

430  Columbium  and  tantalum  are  found  in  many  other 
minerals  in  addition  to  those  already  mentioned.  The  following 
tables  give  the  composition  of  some  of  the  more  important  of 
these. 


Mineral. 

Columbite. 

Tantalite. 

Analyst. 

Blomstrand. 

Rammelsberg. 

Locality  .... 

Green- 
land. 

Massa- 
chusetts. 

Finland. 

Sweden. 

Ta,0,     .    .    . 
Cb,0,    .    .    . 
WO3  .        .    . 
SnO^      . 
FeO  ...    , 
MnO      .    .    . 
ZrO^.    .    . 
MgO.    .        . 
PbO  .    .    . 
H^O  .    .    .    . 

77-97 
0-13 
0-73 

17-33 
3-28 
013 
0-23 
0-12 

28-55 
51-53 
0-76 
0-34 
13-54 
4-55 
0-34 
0-42 

0-16 

76-34 
7-54 

0-70 

13-90 

1-42 

49-64 
29-27 

2-49 
13-77 

2-88 

99-92 

100-19 

99-90 

98-05 

1  See  Smith,  Proc.  Amer.  Phil.  Soc,  1905,  44,  151. 
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Pyrochlor  (analysed  ly  Rammelsberg). 


Locality 

Siberia. 

Kaiserstuhl. 

Cb,0, 

TiOj 

ThO^ 

CeoO, 

CaO  ......    . 

MgO 

FeO  .    .    

Na^O 

F 

53-19 
10-47 
7-56 
7-00 
14-21 
0-22 
1-84 
3-71 
3-06 

47-13 
13-52 

7-30 
15-94 

0-19 
10-03 

3-12 

2-90 

101-26 

100-13 

Yttrotantalite,  Fergusonite,  Euxenite  (analysed  hy  Rammelsberg). 


Yttrotantalite. 

Fergusonite. 

Euxenite. 

Locality       .... 

Ytterby. 

Greenland. 

Arendal. 

TaA 

"^S:.  :.:::• 

SnO^ 

YtA 

ErA 

CeA 

Cab' 

FeO 

UO2 

LaA 

H^O 

10-05 

42-12 

0-22 

0-24 

27-69 

12-44 

1-90 

3-21 

0-63 

1-26 

6-30 
44-45 
015 
0-47 
24-87 
9-81 
2-00 
0-61 
0-74 
2-58 
5-63 
1-49 

35-83 

24-33 

17-23 

9-39 

2-34 

3-61 
8-86 

99-76 

99-10 

101-59 

Besides  occurring  in  these  minerals,  columbium  and  tantalum 
are  frequently  found  in  small  quantities  in  tinstone,  wolfram, 
pitchblende,  and  other  minerals. 

3  P  2 
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For  the  purpose  of  preparing  the  columbium  and  tantalum 
compounds,  tantalite,  fergusonite,  or  some  other  mineral  con- 
taining these  metals,  is  finely  powdered  and  fused  with  three 
times  its  weight  of  acid  potassium  sulphate;  the  fused  mass  is 
completely  boiled  out  with  water,  and  the  residue  digested  with 
ammonium  sulphide  in  order  to  remove  tin  and  tungsten,  the 
iron  present  being  at  the  same  time  converted  into  sulphide. 
The  residue  is  washed  and  boiled  with  dilute  hydrochloric  acid, 
when  the  hydroxides  of  columbium  and  tantalum,  together  with 
titanic  acid  and  silica,  remain  behind,  and  are  then  well  washed 
with  boiling  water.  The  mass  is  dissolved  in  hydrofluoric  acid, 
filtered  from  any  residue,  and  heated  to  remove  silicon  fluoride. 
Titanium,  columbium,  and  tantalum  are  then  separated  by  the 
different  solubilities  of  their  double  potassium  fluorides.  To 
the  boiling  hydrofluoric  acid  solution  1  part  of  potassium 
fluoride  is  added  for  every  4  parts  of  oxide  present,  and  the 
solution  concentrated  until  1  gram  of  oxide  is  contained  in 
7  c.c.  of  the  solution.  On  cooling,  fine  needle-shaped  crystals  of 
potassium  tantalofluoride  separate  out,  mixed  with  titanofluoridc. 
These  are  washed  with  water  until  the  wash-water  after 
standing  for  two  hours  does  not  give  an  orange-red  precipitate, 
but  a  sulphur-yellow  one,  with  tincture  of  galls.  On  evaporating 
the  mother-liquor  and  the  wash-water,  more  of  the  salt  is 
obtained,  which  at  last  is  mixed  with  scales  of  the  columbium 
salt.  The  potassium  tantalofluoride  purified  by  recrystallisation 
is  then  mixed  with  its  own  weight  of  concentrated  sulphuric  acid 
and  heated  gradually  to  400°,  and  the  residue  boiled  out  with 
water,  when  a  granular  crystalline  compound  of  tantalum  oxide 
and  sulphuric  acid  remains  behind.  This  is  decomposed  by 
ignition,  and  it  is  advisable  to  add  ammonium  carbonate  in 
order  to  get  rid  of  the  whole  of  the  sulphuric  acid. 

The  filtrate  from  the  tantalum  salt  deposits  the  compound 
2KF,CbOFg,H20  when  it  is  concentrated,  and  from  this  the 
columbic  oxide  may  be  prepared  by  decomposition  with  sulphuric 
acid  and  washing  or  continued  boiling  with  water.  The  double 
fluoride  thus  obtained  is  not  always  pure,  but  may  be  purified 
by  repeatedly  boiling  with  water,  and  reconverting  the  white 
deposit,  which  has  the  formula  2KF,3Cb02F,  into  the  normal 
oxyfluoride  by  treatment  with  hydrofluoric  acid  and  potassium 
fluoride.'- 

The  last  traces  of  tantalum  may  be  removed  from  oxide  of 
1  Kriisa  and  Nilson,  Ber.,  1887,  20,  1676. 
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columbium  by  converting  the  mixture  into  the  potassium 
oxjfluoride,  heating  at  150-175°,  and  treating  with  water.  The 
tantalum  remains  as  an  insoluble  residue,  and  by  a  repetition 
of  the  process  may  be  completely  removed.  Titanium  is  also 
difficult  to  separate  completely  from  columbium,  and  is  best 
removed  by  repeated  precipitation  of  a  solution  of  the  oxy- 
fluoride  with  ammonia,  the  titanium  remaining  in  solution.^ 

The  minerals  may  also  be  brought  into  solution  by  fusion 
with  acid  potassium  fluoride,  this  process  being  specially 
suitable  for  columbite  (Gibbs). 

431  Columbium  was  first  obtained  by  Blomstrand,^  by  reducing 
the  chloride  in  hydrogen,  as  a  mirror-like  deposit  on  the  tube, 
but  it  was  riot  certain  whether  this  was  the  pure  metal  or  a 
hydride.  Roscoe  *  obtained  it  in  the  form  of  a  steel-grey 
crust,  by  passing  the  vapour  of  the  pure  chloride  together  with 
hydrogen  repeatedly  through  a  red-hot  tube  ;  .  this  was  then 
more  strongly  heated  in  a  porcelain  tube,  through  which 
hydrogen  was  passed.  The  metal  contained  only  0'27  per  cent. 
of  hydrogen  as  well  as  a  small  quantity  of  chloride  and  oxide, 
the  latter  being  derived  from  diffused  air.  It  has  been  prepared 
in  a  somewhat  impure  condition  as  a  metallic  regulus  by 
heating  the  pentoxide  with  carbon  in  the  electric  furnace,*  and 
by  reducing  the  pentoxide  with  the  mixed  metals  of  the  cerite 
earths,  the  method  being  the  same  as  that  employed  for  vana- 
dium (p.  916).^  It  can  be  obtained  in  the  pure  condition 
by  preparing  filaments  of  the  oxide  CbOg,  by  heating  a  mixture 
of  the  pentoxide  and  paraffin  which  has  been  pressed  into 
threads,  and  then  reducing  this  by  passing  through  it  an 
alternating  current  in  vacuo.  The  regulus  obtained  by  the 
aluminium  reduction  of  the  pentoxide  may  moreover  be  freed 
from  aluminium  by  being  heated  in  vacuo  in  an  electric  furnace.® 
The  metal  has  the  specific  heat  0'071  and  the  density  8"4,  and 
melts  at  about  1950°.  The  pure  metal  has  a  light  grey  colour, 
and  is  about  as  hard  as  wrought  iron.  It  can  be  rolled  into 
foil  and  then  drawn  into  wire,  and  can  be  welded  at  a  red  heat. 
A  regulus  fused  in  vacuum  consists   of  crystals,   apparently 

^  Hall,  J.  Amer.  Chem.  Soc,  19C4,  26,  1235.     See  also  Smith,  Proc.  Amer. 
Phil.  Soc,  1905,  44,  151,  177. 
2  J.pr.  Chem.,  1866,  97,  37. 
•!  Mem.  Manch.  Phil.  Soc,  [3],  6,  186. 
■>  Moissan,  Gom{pt.  rend.,  1901,  133,  20. 
5  Weiss  and  Aichel,  Annalen,  1904,  337,  380. 
«  Werner  vqn  Bolton,  Zeit.  Eleltrochem. ,  1907,  13,  145. 
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rhombic,  several  mm.  in  length.  It  combines  only  slowly  with 
oxygen,  even  when  it  is  strongly  heated,  and  unites  with  hydro- 
gen to  form  the  hydride,  CbH.  This  compound,  which  has  also 
been  obtained  by  Marignac,  resembles  the  metal  in  its  behaviour 
to  acids,  and  burns  when  heated  in  the  air.^  Columbium  is 
not  dissolved  by  hydrochloric  or  nitric  acid  or  aqua  regia,  even 
when  heated,  but  when  alloyed  with  other  metals  is  attacked 
by  acids.  It  is  attacked  by  fused  alkalis  and  fused  oxidising 
agents,  and  combines  with  nitrogen  at  1200°. 


COMPOUNDS  OF  COLUMBIUM. 

Columbium  and  Oxygen. 

432  The  two  lower  oxides  of  columbium  are  usually  known 
as  the  dioxide,  Cb^Oj,  and  the  tetroxide,  CbjO^,  although  they 
would  more  properly  be  termed  the  monoxide,  CbO,  and  the 
dioxide,  CbOg. 

Oolumhium  Dioxide,  ObO  or  Cb^Oj,  is  formed  when  dry 
potassium  columbium  oxyfiuoride  is  heated  with  sodium  under  a 
layer  of  potassium  chloride  over  a  gas  blow-pipe,  and  was  thought 
by  Rose  to  be  the  metal.  The  fused  mass  is  boiled  with  water, 
and  the  residue  washed  with  water  and  afterwards  with  dilute 
alcohol.  It  then  forms  a  white  powder  which  on  heating  in  the 
air  oxidises  with  vivid  incandescence.  When  gently  warmed  in 
chlorine  gas  it  burns  with  formation  of  oxychloride,  and  it  dis- 
solves in  the  moist  state  in  hydrochloric  acid  with  evolution  of 
hydrogen.  If  the  vapour  of  the  oxychloride  be  passed  over 
heated  magnesium  wire,  the  same  compound  is  formed  in  crystals 
which  belong  probably  to  the  regular  system. 

Golumbium  Tetroxide,  CbOj  or  CbgO^,  is  obtained  as  a  heavy 
black  powder,  which  appears  blue  by  reflected  light,  by  heating 
the  pentoxide  very  strongly  in  hydrogen  or  with  metallic 
magnesium.^  It  is  not  attacked  by  acids,  and  burns  in  the  air 
when  heated  to  redness. 

Golumbiitm  Pentoxide,  Cb205,  is  best  prepared  from  Greenland 
columbite  which,  as  already  mentioned,  is  converted  into  potass- 
ium columboxyfluoride ;  this  is  purified  by  repeated  crystallisa. 
tion,  and  then  decomposed  with  sulphuric  acid  and  the  solution 

1  KruBS  and  Nilson,  Ser.,  1887,  20,  1691. 

-  Smith  and  Maas,  Zeit.  anorg.  Chem.,  1894,  7,  96. 
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boiled  with  water.  It  is  a  white  amorphous  infusible  powder 
having  a  sp.  gr.  of  4'53,  and  becomes  crystalline  when  strongly 
heated.  It  may  be  obtained  in  prismatic  crystals  of  sp.  gr. 
4'568  by  fusion  with  boron  trioxide  or  borax. 

Golunibic  Add  or  Columbium  Hydroxide,  HCbOg,  is  formed  by 
the  decomposition  of  the  oxychloride  or  pentachloride  in  moist 
air  or  with  water.  It  is  a  white  powder  which,  when  dried  at 
100°,  retains  varying  quantities  of  water,  and  is  converted  into 
the  pentoxide  at  a  red  heat  with  incandescence.  It  is  only 
slightly  soluble  in  hot  hydrochloric  acid,  but  the  residue,  after 
this  treatment,  can  be  dissolved  in  water.  On  the  addition  of 
zinc  the  solution  becomes  blue  and  a  hydrated  precipitate, 
probably  ofCb204,  separates  out.  The  solution  ofcolumbic  acid 
obtained  by  treatment  with  hydrochloric  acid  gives,  on  the  other 
hand,  a  brown  colour  with  zinc,  and  a  brown  oxide  separates  out 
which  has  the  composition  Cb30g(  =  CbO,2Cb02).  Columbic 
acid  is  easily  soluble  in  caustic  alkalis  and  their 
carbonates. 

Potassmm  Hexacolumbate,  KgCbgOjg.lBHgO,  is  prepared 
by  fusing  the  pentoxide  with  double  its  weight  of  potassium 
carbonate,  dissolving  in  water,  and  evaporating  in  a  vacuum.  It 
forms  large  glistening  monoclinic  crystals  which  effloresce 
on  exposure  to  air.  If  caustic  potash  be  added  to  this  solution 
and  the  mixture  slowly  evaporated,  fine  rhombic  pyramids  of 
KgCb40,3,13H20  are  deposited,  and  these  effloresce  quickly  on 
exposure.^ 

When  equal  molecular  proportions  of  columbium  pentoxide 
and  potassium  carbonate  are  fused  together  a  distinctly  crystal- 
line mass  is  obtained,  which,  when  treated  with  water,  yields  the 
salt  2K2CbPii,l  1  HjO.  If,  however,  a  larger  quantity  of  potass- 
ium carbonate  be  employed,  the  compound  K^Cb207,llH20  is 
obtained.^ 

Rose  described  a  number  of  crystalline  sodium  columbates, 
the  individuality  of  which  was  doubted  by  Marignac,  and  it 
has  been  found  by  Bedford  ^  that  the  only  definite  compound 
obtainable  by  Rose's  method  is  a  salt  of  the  composition 
7Na20,6Cb205,82H20.  The  columbates  of  the  metals  of  the 
other  groups  have  been  prepared  by  Joly  and  correspond 
closely  to  the  tantalates. 

1  Marignac,  Ann.  Chim.  Phys.,  1866,  [4],  8,  20. 
=  Santesson,  Bull.  Soc.  chim.,  1875,  [2],  24,  53. 
■■'  Bedford,  J.  Amer.  Chem.  Soc,  1904,  26,  1235. 
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Numerous  crystalline  columbates  have  been  prepared  by 
fusing  the  precipitated  salts  with  the  corresponding  chlorides 
or  with  boric  acid.^ 

When  the  oxide  is  fused  with  sodium  fluoride,  compounds 
resembling  various  minerals  in  composition  are  obtained.^ 

Percolumbic  Acid  is  formed  as  an  amorphous  yellow  powder 
when  columbic  acid  is  warmed  with  hydrogen  peroxide,  or  when 
sulphuric  acid  is  added  to  a  solution  of  potassium  percolumbate 
and  the  solution  dialysed  and  evaporated.*  It  has  the  composi- 
tion of  a  hydrated  percolumbic  acid,  HCbO^,  and  is  decomposed 
by  dilute  sulphuric  acid  only  on  warming,  thus  differing  from 
other  per-acids.  The  potassium  salt,  ^fihfi.^^,?i]3.fi,  which 
may  be  regarded  as  derived  from  a  pyropercolumbic  acid,  is 
prepared  by  adding  hydrogen  peroxide  to  a  solution  of  potass- 
ium columbate  and  precipitating  with  alcohol.  It  is  slowly 
decomposed  by  water,  and  yields  hydrogen  peroxide  with  dilute 
sulphuric  acid,  and  ozonised  oxygen  with  concentrated  sulphuric 
acid. 

Orthopercolumbates  of  the  general  formula  MgCbOg,  where 
M  is  a  univalent  metal,  have  also  been  obtained ;  *  these  repre- 
sent some  of  the  most  highly  oxidised  series  of  salts  known. 

COLUMBIUM    AND   THE   HALOGENS. 

433  Oolumhium.  Penta/luoridc,  CbFg. — This  substance,  like 
tantalum  fluoride,  is  known  only  in  solution,  and  possesses 
analogous  properties  to  the  latter  compound. 

Oolumhium  Oxyfluoride,  CbOFg,  is  obtained  by  igniting  a  mix- 
ture of  pentoxide  and  fluor-spar  in  a  current  of  hydrogen  chloride, 
in  the  form  of  small  crystals  closely  resembling  zirconium 
fluoride.  It  forms  double  salts  with  other  metallic  fluorides,  of 
which  those  of  potassium  and  ammonium  have  been  investigated 
by  Marignac,  who  prepared  the  following : 

2KF,CbOF3,H20  2NH,F,CbOF3 

3KF,CbOF3  3NH,F,CbOF3 

5KF,3CbOF3,H,0  5NH,F,3CbOF3,H,0 

4KF,3CbOF3,2H20  NH.F.CbOFg 

HF,3KF,CbOF3  3NH,F,CbOF3,CbF6 

'  Larsson,  Zeit.  anorg.  Chem.,  1896,  12,  188. 
"  Holmquist,  Joum.  Ohem.  Soc.  1898,  74,  ii,  .388. 

^  Melikoff  and  Pissarjewsky,  Zeii.  anorg.   Chem.,  1899,  20,  340.     See  also 
Hall  and  Smith,  Proc.  Amcr.  Phil.  Soc,  1906,  44,  177. 
*  Balke  and  Snjith,  J.  Amer,  Chem.  Soc.,  1908,  30,  1637. 
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These  are  crystallisable,  and  are  formed  by  dissolving  columbic 
acid  in  a  larger  or  smaller  quantity  of  hydrofluoric  acid  and 
adding  the  other  fluorides  in  various  proportions.  The  first 
salts  of  the  two  series,  which  Marignac  terms  normal  salts,  are 
those  which  are  readily  formed.  The  normal  potassium  salt 
is  formed  whenever  the  others  are  recrystallised,  and  is  de- 
posited in  the  form  of  thin  monoclinic  scales  isomorphous 
with  potassium  tungsten  oxyfluoride,  2KF,W02F.2,  and  with 
potassium  titanofluoride,  KjTiFg.  By  dissolving  this  in  hot 
hydrofluoric  acid  potassium  columbifluoride.  KgCbFj,  is  formed, 
which  is  deposited  in  glistening  rhombic  needles.  The  normal 
ammonium  salt  crystallises  in  rhombic  tablets,  and  is  isomor- 
phous with  ammonium  tungsten  oxyfluoride,  2NHjF,W02F2. 

A  double  fluoride  of  the  formula  2KF,3Cb02F  is  gradually 
deposited  in  small  quantity  as  a  white  powder  when  a  solution 
of  the  normal  potassium  oxyfluoride  is  boiled  for  a  considerable 
time :  ^ 

8(2KF,CbOF3)  -|-  SH^O  =  2KF,3Cb02F  -t-  4KF  +  6HF. 

It  is  readily  soluble  in  hydrofluoric  acid. 

Hydrogen  peroxide  converts  the  oxyfluoride  into  a  peroxy- 
fluoride,  CbOjFg,  which  crystallises  in  yellowish  plates.^ 

Golumbium  Trichloride,  CbClg,  is  obtained  when  the  vapour 
of  the  pentachloride  is  slowly  passed  through  a  red-hot  glass  tube, 
and  when  the  oxide  is  heated  with  phosphorus  pentachloride.' 
It  either  forms  crystalline  crusts  which  have  the  appearance  of 
iodine,  or  is  found  crystallised  in  long  needles  which  are  dichroic. 
It  is  neither  volatile  nor  deliquescent,  and  is  not  decomposed  by 
water  or  ammonia,  but  is  easily  oxidised  by  nitric  acid.  When 
heated  in  the  air  it  emits  thick  vapours,  and  when  ignited  in  a 
current  of  carbon  dioxide  it  forms  columbium  oxychloride, 
CbOClg,  and  carbon  monoxide,  a  reaction  which  is  not  exhibited 
by  any  other  metallic  chloride  (Roscoe). 

Columbium  Pentachloride,  CbClg. — When  an  intimate  mixture 
of  columbium  pentoxide  and  a  large  excess  of  sugar  charcoal  is 
heated  in  a  current  of  chlorine  perfectly  free  from  air,  yellow 
needles  of  the  above  compound  are  formed.  The  chloride  is 
also   formed*   when    the   pentoxide   is    heated   with    sulphur 

1  Kriiss  and  Nilson,  Ber.,  1887,  20,  1676. 

2  Piccini,  Zeit.  anorg.  Chem.,  1892,  2,  22. 
'  Pennington,  Chem.  News,  1897,  75,  38. 

*  Smith,  J.  Amer.  Chem.  Soc,  1898,  20,  289 ;  Proc.  Amer.  Phil.  Soc,  1905, 
44,  177;  Hall,  /.  Amer.  Chem.  Soc,  1904,  26,  1235. 
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monochloride,  SjClj,  or  carbon  tetrachloride  in  a  sealed  tube 
at  200°,  and  together  with  a  large  amount  of  the  oxychloride 
when  carbon  tetrachloride  is  passed  over  the  heated  pentoxide.^ 
It  melts  at  194°,  and  boils  at  2405°,  but  begins  to  sublime  at 
125°.  The  yellow  vapour  has  a  specific  gravity  of  9'6  (Deville 
and  Troost),  the  formula  requiring  9'38.  The  chloride  is  soluble 
in  carbon  tetrachloride,  sulphur  monochloride,  chloroform,  and 
alcohol.  It  dissolves  in  hydrochloric  acid,  forming  a  liquid 
which  gelatinises  on  standing,  and  when  diluted  with  water  or 
boiled  almost  all  the  columbic  acid  separates  out.  Metallic 
zinc  brought  into  the  solution  turns  it  a  deep  blue  colour. 

Columbium  Oxychloride,  orGolumbyl  Chloride,  ChOCXf,^,  is  formed 
by  the  direct  union  of  the  dioxide  with  chlorine,  and  also  when  a 
mixture  of  the  pentoxide  with  a  small  quantity  of  carbon  is  heated 
in  chlorine.  It  is  likewise  formed  by  repeatedly  distilling  the 
pentachloride  in  a  current  of  carbon  dioxide  over  ignited  pent- 
oxide.  It  is  a  colourless,  fibrous,  crystalline  mass,  which  volatilises 
without  melting  at  about  400°,  giving  rise  to  a  colourless  vapour, 
the  specific  gravity  of  which  was  determined  by  Deville  and 
Troost  to  be  7 '88,  theory  requiring  7'48.  When  heated  in  carbon 
dioxide,  and  still  more  readily  in  hydrogen,  it  decomposes  into 
pentoxide  and  pentachloride.  It  deliquesces  on  exposure  to 
moist  air,  with  formation  of  crystalline  columbic  acid,  whilst 
when  brought  into  contact  with  water  it  decomposes  violently, 
forming  amorphous  columbic  acid. 

Double  salts  with  various  alkali  chlorides  and  organic 
hydrochlorides  have  been  prepared.'^ 

When  columbium  oxide  is  heated  in  hydrogen  chloride  a 
hydroxychloride,  Cb204,3H20,HCl,  is  formed  which  is  volatile  at 
a  high  temperature.^  Hydrogen  bromide  yields  an  analogous 
compound. 

Golumhium  Pentdbromide,  CbBrj,  is  prepared  in  the  same  way 
as  the  chloride,  and  is  a  purple-red  mass,  which  on  heating 
becomes  yellow  and  volatilises. 

Columbium  Oxyhromide,  CbOBrg. — When  a  mixture  of  the 
pentoxide  and  double  its  weight  of  carbon  is  heated  in  bromine 
vapour  a  yellow  voluminous  mass  of  the  oxybromide  is  obtained, 
which  sublimes  without  fusion,  and  when  heated  in  carbon 
dioxide  is  reconverted  into  the  pentoxide. 

'  Delafontaine  and  Linebarger,  J.  Amer.  Chem.  Soc,  1896,  18,  532. 

2  Weinlandand  Storz,  Ber.,  1906,  39,  3056;  Zeit.  anorg.  Chem.,  1907,54,223. 

'  Smith  and  Maas,  Zeit.  anorg.  Chem.,  1894,  7,  96. 
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COLUMBIUM  AND   SULPHUR. 

434  Golumhium  Oxysulphide,  CbOSg,  is  formed  when  carbon 
dioxide  mixed  with  the  vapour  of  carbon  disulphide  is  passed 
over  the  white-hot  pentoxide.  It  is  a  black  or  brass-coloured 
crystalline  powder.  The  same  compound  is  easily  obtained,  as  a 
black  woolly  mass,  by  heating  the  oxychloride  in  sulphuretted 
hydrogen.  This  powder,  when  rubbed  in  an  agate  mortar, 
attains  a  steely  lustre,  and  when  heated  burns  in  the  air  with 
formation  of  pentoxide. 

COLUMBIUM   AND    NiTROGEN. 

435  Golumhium  Nitride,  CbgNg. — Metallic  columbium  forms 
a  yellow  nitride^  when  it  is  heated  in  nitrogen  at  1,200°. 
When  columbium  pentoxide  is  heated  to  whiteness  in  ammonia 
it  loses  the  half  of  its  oxygen  and  forms  a  black  powder  contain- 
ing nitrogen.  If  the  oxychloride  be  treated  with  dry  ammonia 
it  becomes  hot  and  turns  yellow.  This  mass,  when  heated,  gives 
off  ammonium  chloride,  and  a  black  powder  remains  behind, 
which,  when  melted  with  caustic  potash,  yields  ammonia  in 
large  quantity,  and  on  heating  in  the  air  burns  with  incan- 
descence. It  is  not  attacked  either  by  boiling  nitric  acid  or 
aqua  regia,  but  dissolves  readily  in  a  mixture  of  hydrofluoric 
and  nitric  acids. 

Detection  and  Estimation  of  Columbium. 

436  The  solution  of  a  columbate  yields  with  potassium  ferro- 
cyanide  and  hydrochloric  acid  a  deep  brown  precipitate.  Under 
some  circumstances  tincture  of  galls  or  tannic  acid  gives  an 
orange-red  precipitate.  When  zinc  is  added  to  the  acidified 
solution  the  whole  becomes  blue  and  afterwards  brown. 
In  the  presence  of  potassium  thiocyanate,  zinc  and  hydrochloric 
acid  produce  a  bright  golden  brown  coloration.  Microcosmic 
salt  or  borax  easily  dissolves  the  pentoxide,  and  a  bead  is 
obtained  which  becomes  violet,  blue,  or  brown  in  the  reducing 
flame  and  red  on  the  addition  of  ferric  oxide. 

The  quantitative  estimation  and  separation  of  columbium  is 
best  understood  from  the  following  description  of  Rose's  method, 

'  Moissan,  Compt.  rend.,  1901,  133,  20  ;  Muthman,  Weiss  and  Riedelbauch, 
AniMlen,  1907,  355,  58. 
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given  by  Rammelsberg,  for  the  analysis  of  tantalites  and  colum- 
bites.^  The  mixture  of  oxides  obtained  by  fusion  with  acid  potass- 
ium sulphate  and  lixiviation  with  water  is  fused  Tvith  sulphur 
and  sodium  carbonate,  and  the  fused  mass  treated  with  water, 
when  any  tin  sulphide  or  tungsten  sulphide  which  may  be  present 
is  dissolved.  The  residual  oxides  of  tantalum  and  columbium  are 
then  treated  with  dilute  sulphuric  acid  in  order  to  remove  the 
iron,  and  again  fused  with  acid  potassium  sulphate,  and  the 
oxides  separated  out  by  boiling  the  mass  with  water,  whilst 
any  iron,  manganese,  zinc,  copper,  or  tin  which  may  still  be 
present  is  found  in  solution. 

In  order  to  separate  columbium  from  tantalum  the  purified 
oxides  are  fused  with  potassium  fluoride,  the  mass  digested  with 
a  large  quantity  of  water,  and  the  solution  boiled  after  addition 
of  some  hydrofluoric  acid.  On  cooling,  the  largest  portion  of  the 
tantalum  separates  out,  chiefly  as  tantalofluoride.  The  filtrate  is 
evaporated  to  two-thirds  of  its  bulk,  allowed  to  stand  twenty-four 
hours  in  the  cold,  when  the  rest  of  the  salt  is  obtained.  Some- 
times, however,  a  third  evaporation  of  the  filtrate  is  necessary. 
The  potassium  tantalofluoride  can  then  be  weighed,  but  it 
generally  contains  some  iron  which  must  be  separated  by 
heating  with  sulphuric  acid,  the  purified  tantalum  being 
weighed  as  the  pentoxide. 

The  solution  which  contains  the  columbium  is  also  evaporated 
with  sulphuric  acid,  the  residue  ignited  and  well  washed  with 
water,  and  again  ignited,  when  columbium  pentoxide  remains 
behind.  This  may  still  contain  a  trace  of  titanium.  In  order 
to  free  it  from  this  metal  the  fiuo-double-salts  are  warmed  with 
hydrochloric  acid  and  zinc,  when  the  titanium  compound  is  re- 
duced, and  its  amount  estimated  by  volumetric  analysis  with 
potassium  permanganate. 

TM  Atomic  W^M^Ai!  of  columbium  was  determined  by  Marignac  ^ 
to  be  94  from  numerous  analyses  of  potassium  columbium 
oxyfluoride  and  columbium  pentachloride.  Balke  and  Smith  ^ 
have  made  a  determination  of  the  atomic  weight  of  columbium 
based  on  the  ratio  between  the  chloride  and  oxide,  and  find  the 
mean  value  93-50.     The  number  now  adopted  (1913)  is  93-5. 


1  Porjg.  Ann.,  1872,  146,  56. 

^  Ann.  Chim.  Phyn.,  1866,  [4],  8,  16. 

^  J.  Amer.  Chem.  Soc,  1908,  30,  1637. 
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TANTALUM.  Ta=  181-5. 

437  Metallic  tantalum  was  first  obtained  in  an  inapure  state 
as  a  black  powder  by  Berzelius,  who  heated  potassium  tantalo- 
fluoride  with  potassium.  Moissan  succeeded  in  preparing  it  as 
a  fused  regulus  by  reducing  the  pentoxide  with  carbon  in  the 
electric  furnace,  but  the  metal  thus  obtained  contained  carbon.^ 
It  was  first  obtained  pure  by  von  Bolton,^  who  prepared  it  by 
carrying  out  Berzelius's  reaction,  and  then  heating  the  com- 
pressed powder  of  the  metal  in  an  electric  furnace  in  a 
vacuum,  and  also  by  passing  a  current  through  a  filament  of 
TagO^  in  a  vacuum,  the  oxygen  being  thus  removed  and  a 
filament  of  the  metal  left.  It  is  also  formed  when  the 
pentoxide  is  reduced  by  crude  cerium  (Weiss  and  Aichel),  but 
the  temperature  is  not  sufficiently  high  to  melt  the  tantalum, 
which  is  obtained  as  a  silver-white  porous  mass.  It  is  now 
manufactured  by  the  action  of  sodium  on  sodium  tantalo- 
fluoride.^ 

The  pure  metal  is  silver-white  in  colour,  has  the  sp.  gr.  16'64 
(von  Bolton),  melts  at  2,850  (Pirani  and  Meyer),  and  has  a 
normal  atomic  heat.  It  is  as  hard  as  the  best  steel,  and  when 
hot  can  be  rolled,  hammered,  and  drawn  into  wire.  The 
tensile  strength  of  the  metal  is  very  high,  a  fine  Avire  giving 
a  breaking  test  of  93  kilograms  per  square  mm. 

When  heated  in  the  air,  thin  wire  burns,  whilst  more  compact 
masses  are  oxidised  superficially.  The  red-hot  powder  decom- 
poses water,  and  the  metal  in  the  form  of  wire  readily  absorbs 
hydrogen,  740  volumes  being  taken  up  at  a  yellow  heat.  About 
three-quarters  of  this  is  lost  in  a  vacuum  at  a  red  heat,  but  the 
remainder,  which  renders  the  metal  brittle  and  increases  its  elec- 
trical resistance,  is  lost  only  on  fusion.*  Tantalum  is  not  attacked 
by  aqua  regia  nor  by  any  single  acid  except  hydrofluoric  acid, 
which  dissolves  it  much  more  readily  when  the  metal  is  in  contact 
with  platinum.  It  is  attacked  also  by  fused  alkalis.  It  com- 
bines with  nitrogen  at  a  high  temperature,  more  readily  with 
sulphur.     Carbon  appears  to  form  with  it  a  carbide  and  renders 

^  Gompt.  rend.,  1902,  134,  211. 

=  Zeit.    Eleldrochem.,    1905,    11,  45,   503,  722;     German  Patents,    152848; 
152870  ;  153826  ;  155548  ;  161081  ;  163414 ;  171562. 
"  Mining  Journal,  1906,  80,  363. 
*  Picoini,  Zeit.  Eleldrochem.,  1905,  11,  555. 
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the  metal  brittle.  Alloys  with  iron,  tungsten,  and  molybdenum 
can  be  obtained. 

The  chief  purpose  for  which  metallic  tantalum  is  employed 
is  for  the  preparation  of  filaments  for  electric  lamps.  Wire  of 
0'05  mm.  diameter  is  employed  and  as  the  resistance  is  much 
less  than  that  of  a  carbon  filament,  a  much  longer  filament  is 
used  than  in  a  carbon  lamp.  The  lamps  require  only  about 
half  the  electrical  energy  needed  by  a  carbon  lamp  of  equal  candle 
power. 

It  has  recently  been  suggested  to  use  tantalum  in  place  of 
the  more  expensive  platinum.  It  can  be  used  in  place  of 
platinum  for  electrodes  and  for  dental  and  surgical  instruments. 


COMPOUNDS  OF  TANTALUM. 

Tantalum  and  Oxygen. 

438  Tantalum  Tetroxide,  Ta204  or  TaOg,  is  formed  when  the 
pentoxide  is  heated  in  a  very  small  carbon  crucible,  exposed  to 
the  highest  heat  of  a  wind  furnace,  or  reduced  by  metallic 
magnesium.  It  is  a  porous  dark-grey  mass  which  scratches 
glass,  and  when  rubbed  on  a  hone  has  a  steel-grey  colour.  It 
gives  a  dark-brown  non-metallic  powder,  and  is  not  attacked 
by  acids,  even  by  a  mixture  of  hydrofluoric  and  nitric  acids,  but 
burns  when  heated,  with  formation  of  the  pentoxide. 

Tantahim  Pentoxide,  TajO^. — The  preparation  of  this  body  has 
already  been  described  (p.  948).  It  is  a  white  amorphous  infus- 
ible powder  which  when  strongly  heated  becomes  crystalline,  and 
when  ignited  with  boron  trioxide  or  melted  with  microcosmic 
salt  in  a  porcelain  furnace  is  obtained  in  rhombic  prisms. 
When  gently  heated  it  has  a  specific  gravity  of  7'35,  which 
after  exposure  to  a  white  heat  rises  to  S^Ol.  The  ignited  pent- 
oxide does  not  dissolve  in  any  acid,  but  volatilises  completely 
when  ignited  with  ammonium  fluoride. 

Tantalic  Acid  or  Tantalum  Hydroxide,  HTaOg,  is  obtained  in 
the  form  of  a  gelatinous  mass  when  the  chloride  is  quickly 
mixed  with  water.  If,  however,  the  same  compound  be  exposed 
to  moist  air  until  it  is  decomposed,  and  then  mixed  with  water 
containing  ammonia,  the  hydroxide  is  obtained  as  a  crystalline 
powder,  which  when  dried  at  100°  possesses  the  above  composi- 
tion, and  is  converted  with  vivid  incandescence  into  pentoxide 
when  heated  to  low  redness.   The  hydroxide  obtained  by  ignition 
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with  acid  potassium  sulphate  does  not  exhibit  this  phenomenon. 
Tantalic  acid  dissolves  in  binoxalate  of  potash,  in  hydrofluoric 
acid,  and,  when  freshly  precipitated,  in  other  acids. 

The  Tantalatea. — The  normal  tantalates,  to  which  class  the 
tantalum  minerals  belong,  are  all  insoluble  in  water.  Besides 
these,  others  are  known,  derived  from  the  unknown  hydrate,  hexa- 
tantalic  acid,  HgTagOjg,  of  which  only  the  compounds  of  the 
alkali  metals  are  soluble  in  water. 

Potassium  Hexatantalate,  'K.^a,^0-^^,\6ii^0,  is  formed  by 
dissolving  the  acid  in  caustic  potash,  and  also  by  fusing  the 
pentoxide  with  double  its  weight  of  caustic  potash.  The  fused 
mass  is  dissolved  in  water  and  allowed  to  evaporate  in  a  vacuum. 
Transparent  glistening  monoclinic  crystals  are  thus  obtained 
which  dissolve  in  lukewarm  water  without  decomposition.  On 
boiling  or  evaporating  in  the  air,  salts  containing  more  tantalum 
are  formed.  If  it  be  repeatedly  ignited  with  ammonium 
chloride  and  washed  with  water  the  normal  salt  KTaOj  is 
obtained. 

Sodium  Hexatantalate,  NagTagOi9,25H20,  is  obtained  in  a 
similar  way  to  the  potassium  salt,  a  vivid  incandescence  occurring 
when  the  mixture  is  heated  to  redness.  The  fused  mass  is 
boiled  out  with  water,  and  the  solution  either  allowed  to  cool 
or,  inasmuch  as  the  salt  is  insoluble  in  caustic  soda,  poured 
on  to  the  top  of  a  strong  solution  of  this  substance.  It 
crystallises  in  small  hexagonal  tablets  which  dissolve  at  13'5° 
in  493,  and  at  100°  in  162  parts  of  water.  It  is  not  decomposed 
by  boiling  water,  and  if  the  aqueous  solution  be  mixed  with 
alcohol  a  precipitate  of  NaTaOj.HgO  is  formed,  and  this 
becomes  anhydrous  on  ignition.  The  anhydrous  salt  is  also 
formed  by  the  ignition  of  the  hexatantalate. 

Ammmiium  Tritantalate  is  produced  by  the  addition  of 
ammonium  chloride  to  a  solution  of  the  sodium  salt,  and  is  a 
precipitate  which  resembles  chloride  of  silver,  and  is  slightly 
soluble  in  water.     Its  composition  is  uncertain. 

When  tantalum  pentoxide  is  strongly  ignited  with  the  chlorides 
of  calcium,  magnesium,  and  other  metals,  crystalline  tantalates 
of  these  metals  are  obtained.^ 

Pertantalic  Acid. — When  a  large  excess  of  hydrogen  peroxide 

is  added  to  a  solution   of  potassium   hexatantalate    and    the 

liquid    mixed   with    an    equal    volume    of    alcohol,    a   white 

crystalline  precipitate  of  potassium  pertantalate,  KgTaOg.lHjO, 

1  Joly,  Compt,  rend.,  1875  81,  266,  1266. 
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is  obtained.^  This  salt  is  decomposed  by  sulphuric  acid  with 
formation  of  a  white  precipitate  of  hydrated  pertantalic  acid, 
HTaO^.  This  substance  is  more  stable  than  percolumbic  acid, 
but  yields  hydrogen  peroxide  when  heated  for  some  time  at 
100°  with  dilute  sulphuric  acid,  and  evolves  ozonised  oxygen  when 
treated  with  concentrated  sulphuric  acid.  The  salts  appear 
to  be  derived  from  the  unknown  ortho-form  of  this  acid,  which 
would  have  the  formula  (HO'0)3Ta02. 

Tantalum  and  the  Halogens. 

439  Tantalum  Pentafluoride,  TaF^,  is  known  only  in  solution. 
If  this  be  evaporated,  even  at  a  moderate  temperature,  some 
of  the  fluorine  volatilises,  whilst  tantalic  acid  remains  behind. 
Tantalum  fluoride  forms  double  salts  with  the  other  metallic 
fluorides. 

Potassium  Tantalofluoride,  KjTaF^. — The  mode  of  preparing 
this  salt  has  been  already  described  (p.  948).  It  forms  small 
rhombic  needles  which  readily  melt,  but  it  does  not  decompose 
when  ignited  even  to  whiteness  in  a  platinum  vessel.  It  is 
easily  soluble  in  hot,  though  sparingly  so  in  cold  water.  When 
the  solution  is  boiled  decomposition  takes  place  rapidly,  a  white 
powder  of  the  oxy fluoride,  K.Ta^gFi,  =  4KF,2TaF5,Ta205, 
separating  out.  This  reaction  serves  to  detect  the  smallest 
quantity  of  tantalum  when  present  together  with  columbium 
oxyfluoride  (Marignac). 

Sodium  Tantalofluoride,  Na2TaF7,H20,  is  obtained  in  a 
similar  manner  to  the  potassium  salt,  or  by  dissolving  sodium 
hexatantalate  in  hydrofluoric  acid.  On  evaporation  indis- 
tinct crystals  of  NajTaFg  separate  out,  and  then  eight-sided 
rhombic  tablets  of  the  above  salt,  which  lose  their  water  under 
100°. 

Several  double  fluorides  of  the  type  M'FjTaFg  have  also  been 
described.^  Hydrogen  peroxide  converts  the  potassium  salt, 
KgTaFy,  into  the  peroxyfluoride,  2KF,Ta02F3,H20,  which 
crystallises  in  colourless  plates  (Piccini). 

Tantalam  Pentachloride,  TaClg,  is  obtained  by  heating  an 
intimate  mixture  of  the  pentoxide  and  carbon  in  a  current  of 
chlorine,  and  is  also  formed  when  the  pentoxide  is  heated  with 
phosphorus  pentachloride.     It  forms  light  yellow  needles  and 

'  Melikoflf  and  Pissarjewsky,  Zeit.  anorg.  Chem.,  1899,  20,  340. 
'  Balke,  /.  Amer.  Chem.  Soc,  1905,  27,  1140. 
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prisms  which  melt  at  211°  and  boil  at  242°,  but  begin  to  volatilise 
at  so  low  a  temperature  as  144°,  and  may  be  readily  sublimed  in  a 
current  of  carbon  dioxide  or  chlorine.  The  specific  gravity  of 
the  vapour,  according  to  Deville  and  Troost,  is  12'8,  the  calculated 
density  being  12-42.  It  fumes  in  the  air,  and  is  converted  into 
tantalic  acid. 

Tantalum  Bichloride,  TaCl2,2H20,  is  formed  when  the  penta- 
chloride  is  heated  with  sodium  amalgam,  and  separates  from 
dilute  hydrochloric  acid  in  emerald-green,  hexagonal  crystals, 
which  decompose  in  the  air.^ 

Tantahom  Pentabromide,  TaBr^,  is  prepared  in  a  similar  way 
to  the  chloride,  and  in  its  properties  closely  resembles  this 
compound.     Tantalum  and  iodine  do  not  combine. 

Tantalum  and  Sulphur. 

440  Tantalum  Tetrasulphide,  Ta^S^  or  TaSg,  is  obtained  by 
acting  upon  white-hot  tantalum  pentoxide,  with  a  mixture  of 
hydrogen  and  the  vapour  of  carbon  disulphide.  It  is  a  grey 
finely-granular  friable  substance  which  may  be  pressed  into 
masses  resembling  graphite,  and  these  on  burnishing  possess 
the  colour  of  brass.  It  is  also  formed  when  the  chloride  is 
ignited  in  a  stream  of  sulphuretted  hydrogen,  and  is  thus 
obtained  in  crusts  resembling  pyrites  in  appearance.  It  is  not 
attacked  by  hydrochloric  acid  even  on  boiling,  and  nitric  acid 
and  aqua  regia  oxidise  it  but  slowly. 

Tantalum  and  Nitrogen. 

441  When  tantalum  chloride  is  heated  in  ammonia  gas  to  a 
temperature  not  above  the  point  of  volatilisation  of  the 
ammonium  chloride  which  is  formed,  an  amorphous  yellowish-red 
mass  of  varying  composition  is  obtained.  If  this  is  powdered 
and  heated  to  redness  in  a  stream  of  ammonia  it  is  converted 
into  a  bright-red  amorphous  powder  having  the  composition 
TagNj.  When  this  is  raised  to  a  full  white  heat  in  an 
atmosphere  of  ammonia,  an  amorphous  black  powder  of 
tantalum  nitride,  TalST,  is  produced  which  exhibits  a  metallic 
lustre  on  burnishing.  H.  Rose,  who  first  obtained  this  compound, 
believed  it  to  be  the  metal.^    The  nitride,  TagNg,  is  also  obtained 

'  Ohabri^,  Oompt.  rend.,  1907,  144,  804. 

"  Muthmann,  Weiss  and  Riedelbauch,  Annalen,  1907,  355,  58. 
VOL.   II  3   Q 
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when  metallic  tantalum  is  heated  in  nitrogen  gas  to  a  tempera- 
ture of  1000°. 

Tantalum  and  Carbon. 

Tantalum  Carbide. — When  6  parts  of  TagOg,  1  part  of  sodium 
carbonate,  and  1  part  of  charcoal  are  heated  to  a  temperature 
of  about  1480°,  tantalum  carbide,  TaC,  is  produced  in  the  form  of 
fine  needles.^ 

Detection  and  Estimation  op  Tantalum. 

442  In  order  to  detect  tantalum  in  a  mineral,  tantalic  acid 
must  be  prepared  from  it,  and  this  converted  into  a  soluble 
tantalate.  If  potassium  ferrocyanide  be  added  to  this  solution, 
a  characteristic  yellow  precipitate  falls  down,  and  under  the 
same  circumstances  tincture  of  galls  likewise  produces  a  bright 
yellow  precipitate.  The  tantalum  compounds  do  not  colour  a 
bead  of  borax  or  of  microcosmic  salt. 

Tantalum  is  estimated  quantitatively  either  as  the  pentoxide 
or  as  potassium  tantalofluoride,  the  process  having  been 
described  under  columbium  (p.  948). 

The  Atomic  Weight  was  determined  by  Marignac,^  who 
analysed  the  potassium  and  ammonium  tantalofluorides  and 
obtained  the  number  182'97.  By  direct  conversion  of  the 
metal  into  the  pentoxide  Hinrichsen  and  Sahlbom^  obtained 
the  number  181  "02.  By  converting  the  pentachloride  into  the 
oxide  Balke*  found  181-52.  Chapin  and  Smith  found  181'8  by 
transforming  the  pentabromide  into  the  oxide.^  The  number 
at  present  (1913)  adopted  is  181'5. 


ANTIMONY    (STIBIUM).     Sb  =  120-2. 

443  This  metal  occurs  in  nature  chiefly  as  stibnite,  antimonite, 
or  antimony  sulphide,  SbgSg,  a  mineral  which  was  known  in  very 
early  times,  having  been  long  employed,  as  indeed  is  yet  the  case, 
by  women  in  the  East  for  painting  the  eyebrows.  In  St. 
Jerome's  translation  of  the  Hebrew  of  Ezekiel  xxiii.  40,  we  read 
"  circumlinisti  stibio  oculos  tuos  "  ;  and  in  the  Second  Book  of 

1  Joly,  Compt  rend.,  1876,  82,  1195. 

2  Ann.  Chim.  Pkys.,  1866,  [4],  9,  251. 

«  Ber.,  1906,  39,  2600.  "  /.  Amer.  Chem.  Soc,  1910,  32,  1127. 

"  J.  Amcr.  Chem.  Soc,  1911,  33,  1497. 
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Kings  ix.  30,  we  find,  "Porro  Jezebel  introitu  eius  audito 
depixit  oculos  suos  stibio."  Of  this  latter  passage  Cheyne  and 
Driver  give  as  the  translation  of  the  Hebrew,  "  set  her  eyes  in 
paint  (literally  antimony)." 

The  name  for  this  mineral  in  Hebrew  and  Arabic  is  "  Kohl," 
and  this  word  passed  as  "  alcool  "  or  "  alkohol  "  into  other  lan- 
guages ;  thus  in  the  Spanish  translation  of  the  Bible  the  above 
passage  from  Ezekiel  is  thus  rendered,  "  Alcoholaste  tus  ojos." 
In  the  middle  ages  the  word  alcohol  served  to  designate  any 
fine  powder,  and  it  was  only  at  a  later  period  that  it  was 
employed  to  mean  spirits  of  wine.  Dioscorides  calls  this  metal 
cTTt/x/tit,  and  mentions  that  it  is  also  known  by  other  terms,  such 
as  'iT\aTv6(f>da\uiov,  the  eye-expander,  yvvaiKeiov,  belonging  to 
womankind,  &c.  Pliny,  on  the  other  hand,  terms  it  stibium. 
The  Latin  Geber,  who  also  was  acquainted  with  this  substance, 
termed  it  antimonium,  and  up  to  the  time  of  Lavoisier  both 
these  words  were  made  use  of  to  signify  sulphide  of  antimony. 
The  German  name  for  this  substance  was  spiessglas,  which 
was  afterwards  changed  to  spiessglanz.  As  already  mentioned 
(Vol.  I.,  p.  9),  the  works  attributed  to  "  Basil  Valentine,"  which 
have  hitherto  been  regarded  as  the  earliest  known  records 
concerning  antimony  and  its  derivatives,  have  been  shown  by 
the  late  Prof  Schorlemmer  to  be  forgeries  dating  from  about 
1600.^  There  is  no  doubt,  however,  that  the  iatro-chemists, 
from  the  time  of  Paracelsus,  were  acquainted  with  many 
antimonial  preparations,  and  numerous  references  to  these  are 
scattered  throughout  the  chemical  literature  of  those  times. 
The  statements  of  "  Basil  Valentine  "  may  still  serve  to  show 
the  condition  of  knowledge  concerning  antimony  in  1600.  He 
makes  the  following  remarks  as  to  the  name  of  the  sulphide 
in  his  Triumphal  Car  of  Antimony :  "  In  order,  as  is  most  proper, 
that  I  may  say  something  about  the  name  of  the  material,  it 
should  be  understood  that  this  material  was  long  known  to  the 
Arabians,  and  from  ancient  time  was  termed  by  them  asinat. 
The  Chaldeans  entitled  it  stihiu7n,  and  in  the  Latin  tongue  it 
has  been  called  antimonium  ^  up  to  the  latest  times,  and  in  our 

'  MSS.  deposited  in  the  library  of  the  University  of  Manchester.  See  also 
Pierce,  Science,  1898,  8,  169,  who  comes  to  the  same  conclusion,  chiefly  from 
a  study  of  the  contents  of  Basil  Valentine's  works. 

^  The  story  of  the  accidental  poisoning  of  certain  monks  by  spiessglas 
having  given  rise  to  the  name  of  the  metal  (antimoine)  is  on  the  face  of  it 
improbable,  and  must,  as  Kopp  remarks,  have  been  invented  by  a  Frenchman, 
whereas  Valentine  wrote  in  German  ! 

3   Q   2 
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own  German  mother  tongue  the  same  material  has  been  foolishly 
called  spiessglas  for  this  reason,  that  this  material  can  be  fluxed 
and  a  glass  made  from  it." 

Dioscorides  mentions  that  in  order  to  roast  the  crude 
antimony  it  must  be  heated  in  a  current  of  air  until  it  burns, 
for  if  more  strongly  ignited,  it  melts  like  lead.  This  passage 
has  given  rise  to  the  supposition  that  the  author  was  acquainted 
with  metallic  antimony,  and  that  this  is  probably  the  case  is 
shown  by  the  fact  that  an  old  Chaldean  vase  analysed  by 
Berthelot  consisted  of  pure  antimony.^  Antimony  was  con- 
founded with  bismuth  by  some  chemists,  such  as  Libavius,  even 
so  late  as  the  sixteenth  century. 

The  preparation  of  the  metal  was  described  by  "  Basil 
Valentine,"  who  in  his  Wiederholung  des  Grossen  Steins  der 
uralten  Weisen  terms  it  spiessglas  rex  and  also  plumbum  anti- 
monii.  It  has  already  been  stated  that  the  alchemists  con- 
sidered that  each  semi-metal  was  simply  a  variation  of  a  true 
metal. 

444  Antimony  occurs  in  many  other  minerals  besides  stibnite. 
The  metal  is  found,  though  not  frequently,  in  the  native  state, 
and  also  as  arseniferous  antimony  or  allemontite  (AsSb). 
Antimony  also  occurs  as  the  trisulphide,  SbgSg,  combined  with 
basic  sulphides,  and  in  these  thioantimonites  a  portion  of  the 
antimony  is  usually  replaced  by  arsenic.  Amongst  such  com- 
pounds are  berthierite,  FeS,Sb2S3 ;  wolfsbergite  or  antimonial 
copper,  Cu^S.SbgSg ;  boulangerite,  5PbS,Sb2S3 ;  jamesonite 
2PbS,Sb2S3 ;  bournonite,  2PbS,Cu2S,Sb2S3 ;  pyrargyrite  or  red 
silver  ore,  3Ag2S,Sb2S3,  &c.  In  addition  to  these  we  have 
dyscrasite  or  antimonial  silver,  Ag3Sb ;  breithauptite  or  anti- 
monial nickel,  NiSb,  ullmannite  or  nickeliferous  grey  antimony, 
NiSbS ;  valentinite  or  antimony  oxide,  Sb203;  cervantite  or 
antimony  ochre,  SbgO^  and  stiblite,  Sb20^,H20.  Antimony  is 
also  found  in  small  quantity  in  iron  ores,  ferruginous  waters,  in 
the  coal  formation,  and  in  river  sand. 

445  Preparation  of  Metallic  Antimony? — The  preparation  of 
the  metal  from  the  sulphide  is  a  very  simple  operation.  In 
order  to  free  the  ore  from  quartz  or  other  earthy  admixture,  the 
mineral  is  either  melted  in  vertical  cylinders  which  have  a  hole 
at  the  bottom  out  of  which  the  molten  sulphide  drops,  or  the 

1  Compt.  rend.,  1887,  104,  265. 

'^  For  full  particulars  aee  Antimony,  by  C.  Y.  Wang  (C.  Griffin  &  Co., 
1909). 
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preliminary  fusion  is  carried  on  in  reverberatory  furnaces.  The 
purified  sulphide  is  then  either  fused  with  metallic  iron,  or  is 
roasted  in  order  to  convert  it  into  oxide,  which  is  reduced  with 
carbon  or  with  crude  tartar.  "  Basil  Valentine  "  describes  both 
of  these  methods  in  his  account  of  the  preparation  of  the 
philosopher's  stone ;  he  states :  "  Antimonium  is  a  master  in 
medicine,  and  from  it  by  means  of  cream  of  tartar  and  salt  a 
King  (regulus)  is  made,  steel-iron  being  added  to  the  spiessglas 
during  fusion.  Thus  by  an  artifice  a  wonderful  star  is  obtained 
which  the  learned  before  my  time  have  termed  the  philosophical 
signet  star.''  In  the  Triumphal  Car  of  Antimony  he  gives  the 
following  receipt :  "  Take  good  Hungarian  spiessglas  and  with 
the  same  quantity  of  crude  tartar,  and  half  as  much  saltpetre ; 
rub  these  small  and  let  them  fuse  well  in  a  wind  furnace  ;  after- 
wards pour  out  into  a  mould  and  allow  to  cool  when  a  regulus 
is  found." 

In  the  English  process  three  operations  are  used  for  the  pro- 
duction of  the  best  star-antimony.  The  first  of  these  is  termed 
"  singling^' ;  in  this  40  parts  of  the  liquated  sulphide  are  mixed 
with  about  18  parts  of  thin  scrap  iron  and  4  parts  of  salt  ;  and 
this  is  then  melted  in  plumbago  crucibles,  when  metallic 
antimony  and  iron  sulphide  are  formed.  The  fusion  lasts  about 
an  hour  and  a  half,  and  when  complete  the  charge  is  poured 
into  conical  moulds.  The  crude  metal  is  then  separated  from 
the  slag,  consisting  chiefly  of  sulphide  of  iron,  which  floats  on 
the  surface,  and  it  is  again  melted  in  the  second  process  of 
"  doubling,"  with  an  addition  of  a  small  quantity  of  liquated 
stibnite,  sodium  sulphate  or  salt,  and  slag  obtained  in  the  follow- 
ing operation.  The  charge  for  each  pot  is  80  lbs.  of  crude 
antimony,  7  lbs.  of  liquated  stibnite,  2  lbs.  of  saltcake,  and  2  lbs.  of 
slag,  and  the  fusion  lasts  about  an  hour  and  a  half.  The  metal 
is  cast  in  moulds,  allowed  to  cool,  and  broken  into  small  pieces 
ready  for  the  third  process,  termed  "  melting  for  star-metal." 
For  this  purpose  2  parts  of  pearl-ash  and  5  parts  of  slag  from 
a  previous  operation  of  the  same  kind  are  added  to  60  parts  of 
metal,  and  the  fusion  is  repeated.  The  molten  metal  is  then 
poured  into  square  moulds  in  which  it  is  allowed  to  cool  slowly, 
the  surface  being  at  the  same  time  completely  covered  with 
slag  in  order  that  it  may  attain  the  peculiar  crystalline  structure 
which  is  required  in  commerce. 

In   the   roast   and  reduction  method  for  the  extraction   of 
antimony,  two  distinct  processes  are  in  use ;  in  the  first,  the 
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sulphide  ore  is  roasted  to  the  stable  tetroxide,  generally  in 
reverberatory  or  muffle  furnaces  at  a  temperature  of  about  350°. 
In  the  second  process  the  volatile  trioxide  is  formed  by  restrict- 
ing the  amount  of  air  admitted,  and  working  at  a  higher  tem- 
perature. The  volatile  trioxide  is  condensed  in  suitable  pipes 
and  chambers.  This  latter  process  has  several  advantages,  for 
low  grade  ores  may  be  treated  with  success,  arsenic  may  be 
separated  owing  to  the  more  volatile  nature  of  arsenic  oxide, 
and  in  the  case  of  ores  containing  precious  metals,  these  may 
be  extracted  from  the  residues. 

The  oxide  of  antimony  obtained  by  either  process  may  be 
reduced  to  the  metallic  state  by  fusion  with  coal  or  charcoal, 
together  with  alkaline  fluxes  such  as  potash,  soda,  etc.,  in  small 
reverberatory  furnaces  or  crucibles. 

It  has  been  stated  already  that  "  Basil  Valentine ''  was  ac- 
quainted with  the  crystalline  surface  exhibited  by  pure  antimony, 
but  he  specially  mentions  that  the  regulus  which  is  not  starred 
possesses  exactly  the  same  composition  as  that  which  presents 
this  peculiarity.  He,  as  well  as  some  of  his  contemporaries, 
believed  that  the  stellated  surface  was  produced  only  when 
iron  was  employed  in  the  preparation,  whilst  other  chemists 
taught  that  the  preparation  of  the  stellated  antimony  did  not 
depend  on  the  presence  of  iron,  but  was  connected  with  a 
favourable  conjunction  of  the  stars.  Indeed  this  latter  opinion 
was  pretty  generally  held  until  the  time  of  Boyle,  who  however 
entirely  discredits  this  explanation,  and  also  states  that  the 
starred  metal  can  be  obtained  without  the  use  of  iron. 

In  his  essay  On  the  Unsuccessfulness  of  Experiments,  Boyle  ^ 
says :  "  And  it  may  perhaps  also  be  from  some  diversity  either 
in  antimonies  or  irons,  that  eminent  chemists  have  (as  we  have 
observed)  often  failed  in  their  endeavours  to  make  the  starry 
regulus  of  Mars  and  antimony.  Insomuch  that  divers  artists 
fondly  believe  and  teach  (what  our  experience  will  not  permit 
us  to  allow)  that  there  is  a  certain  respect  to  times  and  con- 
stellations requisite  to  the  producing  of  this  (I  confess  admirable) 
body.  Upon  this  subject  I  must  not  omit  to  tell  you  that  a 
while  since  an  industrious  acquaintance  of  ours  was  working  on 
an  antimony,  which  unawares  to  him,  was,  as  we  then  supposed, 
of  so  peculiar  a  nature,  that  making  a  regulus  of  it  alone  without 
iron,  the  common  way  (for  his  manner  of  operation  I  inquired 
of  him),  he  found,  to  his  wonder,  and  showed  me  his  regulus 
1  Opera,  ed.  1772,  1,  325. 
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adorned  with  a  more  conspicuous  star  than  I  have  seen  in 
several  stellate  reguluses  of  both  antimony  and  Mars." 

Lemery,  in  his  Gours  de  Chymie,  published  in  1675,  also 
argues  strongly  against  the  supposition  that  the  planet  Mars 
has  anything  to  do  with  the  formation  of  the  stellated 
surface. 

Commercial  antimony  often  contains  traces  of  silver,  gold, 
arsenic,  iron,  lead,  copper,  and  frequently  some  sulphur.  In  order 
to  prepare  the  pure  metal  Liebig's  process  may  be  used ;  this  con- 
sists in  fusing  16  parts  of  the  metal  with  two  parts  of  sodium 
carbonate,  and  1  part  of  sulphide  of  antimony  for  an  hour ;  on 
cooling,  the  regulus  is  separated  from  the  slag,  and  melted  again 
for  an  hour  with  1|  parts  of  sodium  carbonate,  and  this  operation 
again  performed  with  1  part  of  this  salt.^  According  to  Schiel  ^ 
a  small  quantity  of  nitre  should  be  added  from  time  to  time. 
By  means  of  this  repeated  fusion  the  whole  of  the  arsenic  is 
separated,  provided  that  a  sufficient  quantity  of  iron  be  originally 
present  in  the  metal;  should  this  not  be  the  case,  it  is  necessary 
to  add  about  2  per  cent,  of  iron  sulphide.^ 

Another  method  of  purifying  the  metal  is  that  described  by 
Wohler,  and  improved  by  Meyer,*  and  this  is  available  when  the 
only  impurity  present  is  arsenic.  In  this  process,  one  part  of  the 
metal  is  ignited  with  1'25  parts  of  sodium  nitrate,  and  0"5  part 
of  sodium  carbonate.  The  pulverised  mass  is  dissolved  in 
water  when  pure  sodium  metantimonate  remains  behind ;  this 
is  then  reduced  by  heating  with  half  its  weight  of  cream  of  tartar 
or  with  a  mixture  of  carbon  and  sodium  carbonate. 

446  Properties. — Antimony  is  a  lustrous  silver-white  metal, 
which  when  slowly  cooled  exhibits  a  coarsely  laminated  crystal- 
line fracture.  When  quickly  cooled,  on  the  other  hand,  the 
fracture  is  granular.  It  crystallises  in  obtuse  rhombohedra  which 
can  scarcely  be  distinguished  from  cubes,  and  has  a  specific 
gravity  of  6"'7 1  to  6"86.  Native  antimony  occurs  in  scaly  masses, 
usually  containing  silver,  iron,  and  arsenic.  Its  most  important 
localities  are  at  Sahl  in  Sweden,  Andreasberg  in  the  Harz, 
Przibram  in  Bohemia,  in  the  Dauphiny,  in  Canada,  the  United 
States,  Mexico,  Chili,  Sarawak,  in  Borneo  and  Queensland.  Native 
antimony  has  a  specific  gravity  of  from  6"5  to  7. 

Antimony  is  hard,  and  so  brittle  that  it  can  be  powdered  ;  it 

1  Annalen,  1857,  104,  223.  ^  Annalen,  1835,  19,  22. 

3  Bensch,  Annalen,  1847,  63,  273. 
"  Annalen,  1848,  66,  238. 
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melts  at  630'5V  and  volatilises  at  a,  bright  red  heat  in  the  air,  or 
in  a  current  of  a  gas,  but  not  when  fused  under  a  layer  of  common 
salt.  It  may  be  distilled  in  a  current  of  hydrogen  ab  a  white 
heat.  The  vapour  density  of  antimony  is  10"743  at  1572°,  and 
9"781  at  1640°  (Meyer  and  Biltz),^  numbers  which  are  inter- 
mediate between  those  required  for  the  molecular  formulse 
Sbj  and  Sb.  It  does  not  undergo  any  alteration  on  exposure  to 
the  air  at  the  ordinary  temperature  ;  on  heating  it  burns  to  form 
the  oxide,  and  when  heated  on  charcoal  before  the  blowpipe,  the 
oxide  is  evolved  in  thick  white  fumes,  and  a  portion  of  it  is 
deposited  as  a  white  incrustation  on  the  charcoal.  If  the  blast 
of  air  be  stopped  the  globule  of  molten  metal  begins  to  glow, 
and  is  seen  to  be  covered  with  a  crystalline  network  of  needles 
of  oxide,  and  when  the  globule  is  thrown  from  some  height  on 
to  a  piece  of  paper,  the  edges  of  which  are  turned  up,  it  breaks 
into  many  smaller  globules  which  burn  with  a  very  bright  flame. 
Neither  cold  water  nor  dilute  sulphuric  acid  acts  upon  the 
metal  at  the  ordinary  temperature,  but  at  a  red  heat  it  decom- 
poses steam  with  formation  of  oxide.  Nitric  acid  converts  it 
into  a  white  powder,  the  composition  of  which  depends  on  the 
strength  of  the  acid,  nitrogen  peroxide  being  evolved  and  no 
ammonia  formed.^  Pure  antimony  does  not  dissolve  in  strong 
hydrochloric  acid  in  the  absence  of  oxygen,*  but  the  ordinary 
metal  is  easily  dissolved  by  hot  hydrochloric  acid  as  well  as  by 
cold  aqua  regia,  and  when  heated  with  concentrated  sulphuric 
acid  is  converted  into  antimony  sulphate.  Antimony  combines 
directly  with  the  elements  of  the  chlorine  group,  with  those  of 
the  sulphur  group,  and  with  phosphorus  and  arsenic. 

Allotropic  Modifications  of  Antimony. — The  grey,  metallic 
form  of  antimony  described  above  is  the  stable  modi- 
fication, but  unstable  yellow  and  black  modifications, 
corresponding  with  the  unstable  yellow  and  stable  grey  forms  of 
arsenic  (Vol.  I.,  p.  684)  also  exist.^  The  yellow  form  is  obtained 
by  the  action  of  oxygen  on  liquid  stibine  at  -90°,  and  by  the 
action  of  chlorine  on  stibine,  both  dissolved  in  liquid  ethane  at 
-  100°.     It  is  amorphous,  appears  to  dissolve  slightly  in  carbon 

^  Holborn  and  Day,  Ann.  Physik,  1900,  [4],  2,  505.  See  also  Heycock  and 
Neville,  Journ.  Chem.  Soc,  1895,  67,  186. 

«  Ber.,  1889,  22,  725.     See  also  Annakn,  1887,  240,  317. 

3  Montemartini,  Gazz.,  1892,  22,  384. 

''  Ditte  and  Motzner,  Compt.  rend.,  1892,  115,  936. 

^  Stock  and  Guttmann,  Ber.,  1904,  37,  885  ;  Stock  and  Siebert,  Ber.,  1905, 
38,  3837. 
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disulphide,  and  passes  very  readily,  when  the  temperature  rises 
above  —90°,  into  the  black  variety.  The  latter  can  also  be 
prepared  by  the  rapid  cooling  of  antimony  vapour,  and  by  the 
action  of  oxygen  on  liquid  stibine  at  —  40°.  It  is  an  amorphous 
black  powder,  has  the  specific  gravity  53,  oxidises  spontaneously 
in  the  air,  sometimes  taking  fire,  and  passes  when  heated  into  the 
stable  metallic  form  with  evolution  of  heat. 

JE-Kplosive  or  Electrolytic  Antimony. — This  peculiar  sub- 
stance, discovered  by  Gore,^  is  obtained  by  electrolysis  of  an 
acid  solution  of  antimony  trichloride  having  a  specific  gravity 
of  1  "35,  or  of  a  solution  obtained  by  dissolving  the  trioxide  in 
from  5  to  6  times  its  weight  of  hydrochloric  acid  of  specific 
gravity  1"12,  metallic  antimony  being,  in  each  case,  used  as  the 
positive,  and  copper  or  platinum  as  the  negative  pole.  The 
latter  becomes  covered  with  a  grey  lustrous  metallic  coating, 
having  an  amorphous  fracture  and  a  specific  gravity  of  5'78. 
It  contains  from  4'8  to  7 '9  per  cent,  of  antimony  chloride, 
together  with  a  small  quantity  of  free  hydrochloric  acid.  When 
scratched  with  a  metallic  point  or  touched  with  a  red-hot  wire 
it  decomposes  with  evolution  of  heat  and  liberation  of  the 
chloride,  and  when  heated  to  200°  it  flies  into  powder  with  a 
loud  explosion.  If  it  be  preserved  under  cold  water  it  does  not 
immediately  undergo  any  alteration,  but  when  heated  to  75°  it 
decomposes  with  a  hissing  sound ;  hydrochloric  acid  is  found  in 
solution,  and  the  water  becomes  turbid  owing  to  the  formation 
of  basic  antimony  chloride.  Similar  products  are  obtained  by 
the  electrolysis  of  acid  solutions  of  the  bromide  and  iodide 
(Gore),  but  not  of  the  fluoride. 

This  remarkable  substance  is  probably  a  solid  solution  of  an 
antimony  halogen  compound  in  an  allotropic  form  of  antimony, 
and  the  explosion  consists  in  the  sudden  transformation  of  the 
latter  into  the  stable  metallic  form,  the  heat  evolved  amounting 
to  20  cal.  per  gram  ;  the  same  change  goes  on  slowly  when 
the  explosive  material  is  preserved.^  This  form  is  possibly 
identical  with  the  black  amorphous  form  described  above,  but 
the  identity  has  not  been  definitely  proved. 

Uses. — Antimony  is  employed  for  the  preparation  of  tartar 
emetic,  and  of  other  products  used  in  pharmacy  and  in  many 

1  Phil.  Trans.,  1858,  148,  185;  1859,  149,  797;  1862,  152,  323;  Pfeifer, 
Annalen,  1881,  209,  61. 

2  Cohen  and  Ringer,  Zeit.  physikal.  Chem.,  1904,  47,  1  ;  Cohen,  Collins  and 
Strengers,  ibid.,  1905,  50,  291  ;  Cohen  and  Strengers,  ibid.,  1905,  52,  129. 
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processes  of  calico  printing  and  dyeing.  Its  alloys  are  also 
largely  used  in  the  arts.  When  antimony  is  precipitated  by 
zinc  from  a  solution  of  the  trichloride,  the  metal  is  obtained  in 
a  finely  pulverulent  state,  as  antimony  Hack ;  this  is  employed 
for  the  purpose  of  imparting  to  the  surface  of  gypsum  figures 
and  other  objects  the  appearance  of  iron  or  steel. 


Antimony  Alloys. 

447  "  Basil  Valentine  "  mentions  that  antimony  is  valuable  for 
the  preparation  of  medicines,  and  that  it  is  likewise  employed 
for  other  purposes,  such  as  for  the  preparation  of  printers' 
type.  He  adds  that  under  certain  favourable  conjunctions  of 
the  planets  alloys  are  made  of  antimony,  and  from  these  seals 
and  amulets  are  east,  which  are  said  to  possess  special  virtues. 
These  same  alloys  can,  according  to  Valentine,  be  cast  in  the 
same  way  to  form  both  bells  and  mirrors. 

English  type  metal  is  an  alloy  of  lead,  antimony,  and  tin.  A 
small  percentage  of  copper  is  sometimes  added,  but  is  found  of 
little  practical  value.  The  value  of  antimony  in  these  alloys  is 
that  it  imparts  to  them  hardness,  and  gives  them  the  property 
of  expanding  in  the  act  of  solidification  so  necessary  in  order  to 
obtain  an  accurate  cast  of  the  letter.  The  tin  gives  toughness 
and  coherence  to  the  metal.  The  following  are  analyses  of 
English  type  metal : 


I. 

11. 

III. 

IV. 

V. 

VI. 

VII. 

Lead  .    .    . 

.    50 

600 

61-8 

69-2 

85-7 

83-5 

80-0 

Antimony  . 

.   25 

300 

18-8 

19-5 

14-3 

13-5 

15-0 

Tin     ... 

.    25 

100 

20-2 

91 

— 

30 

50 

Copper  . 

.   — 

— 

— 

1-7 

— 

— 

— 

No.  I  is  supposed  to  give  the  best  results  for  high  class  work, 
but  owing  to  the  high  price  of  tin  No.  II.  is  generally  used. 
No.  V  is  used  for  stereotype  plate,  No.  VI  is  linotype  metal,  and 
No.  VII.  monotype  metal. 

Britannia  metal  and  Pewter. — This  silver-white  metal  is  largely 
used  for  the  preparation  of  spoons,  cups,  and  other  articles.  It 
consists  mainly  of  tin  and  antimony,  but  frequently  contains 
other  metals,  as  is  shown  by  the  foUowing'analyses : 
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Britannia  Metal. 

Plate. 
Pewter. 

Ashburjf 
Metal. 

Metal 

Argen - 

turn. 

Tin 

Antimony  . 
Copper   .... 

Zinc 

Bismuth     .    . 

85-7 

10-4 

1-0 

2-9 

81-9 
16-2 

1-9 

89-3 
71 
1-8 

1-8 

77-8 
194 

2-8 

85-5 
14-5 

White  or  anti-friction  metal  is  chiefly  used  for  lining  the 
brasses  of  various  parts  of  locomotive  engines,  and  for  the 
solid  pushes  for  the  coupling-rods.  Several  alloys  are  used  for 
this  purpose,  as  is  seen  by  the  following  analyses  : 

I.  II.  III. 

Copper 5"3  I'S  — 

Antimony lO'S  13-0  20 

Tin 84-2  45-5  20 

Lead —  44-0  60 

The  alloy  employed  for  the  manufacture  of  ships'  nails  con- 
sists of  3  parts  of  tin,  2  of  lead,  and  1  of  antimony. 

Brass  articles  can  be  covered  with  a  fine  lustrous  coating  of 
antimony  by  dipping  them  into  a  hot  solution  of  1  part  of 
tartar  emetic,  1  of  tartaric  acid,  and  3  of  water,  to  which  3 
or  4  parts  of  hydrochloric  acid  and  as  much  powdered  antimony 
have  been  added. 

Antimony  forms  a  beautiful  purple  alloy  with  copper  which 
has  the  composition  CugSb,  and  is  known  as  Regulus  of  Venus 
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Antimony    and   Hydrogen. 

448  Antimony  Hydride  or  Stibine,  SbHg. — This  substance 
was  first  prepared  in  1837  by  Lewis  Thompson,^  and  also 
independently  by  Pfaff  ^  and  other  chemists.  It  is  formed  when 
nascent  hydrogen  is  brought  into  contact  with  a  soluble  anti- 
mony compound,  or  when  an  alloy  of  potassium  or  sodium  with 
antimony  is  decomposed  by  water,   or   an   alloy   of  zinc   and 


Phil.  Mag.,  1837,  [3],  10,  353. 


^Pogg.  Ann.,  1837,  42,  339. 
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antimony  by  dilute  hj^drochloric  or  sulphuric  acid.  It  is  also 
formed  when  antimony  oxide  is  added  to  an  acid  solution  which 
is  evolving  hydrogen.  All  these  methods,  however,  furnish  a 
gas  which  is  largely  mixed  with  free  hydrogen,^  and  the  pre- 
paration of  pure  stibine  is  a  matter  of  some  difficulty.  The 
liquefied  gas  was  first  obtained  by  Olszewski  ^  in  1886,  and  the 
pure  gas  itself  by  Stock  and  Doht  ^  in  1901.  A  gas  containing 
as  much  as  14  per  cent,  of  stibine  is  first  prepared  by  gradually 
bringing  a  powdered  alloy  of  1  part  of  antimony  and  2  parts  of 
magnesium,  prepared  by  heating  the  constituents  to  redness  in 
an  atmosphere  of  hydrogen,  into  hydrochloric  acid  of  sp.  gr. 
1'06  at  0°,  which  has  been  previously  boiled.  When  this  gas  is 
washed  through  water,  dried  over  calcium  chloride  and 
phosphoric  oxide;  and  cooled  by  liquid  air,  it  yields  a  white 
mass  of  solid  stibine,  and  this  on  evaporation  gives  pure 
stibine,  free  from  admixed  hydrogen.  The  gas  thus  prepared 
can  be  collected  over  mercury,  and  when  dry  can  be  preserved 
for  some  hours  without  undergoing  decomposition.  It  is  a 
colourless  gas  with  a  characteristic  odour,  faintly  resembling 
that  of  sulphuretted  hydrogen,  and  is  very  poisonous.  It 
condenses  to  a  colourless  liquid,  which  boils  at  —17°,  and 
solidifies  to  a  white  mass,  melting  at  —  88°.  The  density  of  the 
gas  is  4'36  at  15°  and  760  mm.,  this  being  about  2-95  per  cent, 
greater  than  the  calculated  normal  density.  The  density  of 
the  liquid  is  2-26  at  —  25°.  Water  dissolves  about  0'2  vol.  of 
the  gas,  and  in  the  absence  of  impurities  the  solution  is  stable 
for  some  time,  whilst  in  the  presence  of  mere  traces  of  air 
decomposition  sets  in  rapidly.  Alcohol  dissolves  15  vols,  of  the 
gas,  and  carbon  disulphide  250  vols.,  but  both  of  these  solutions 
are  very  unstable.  Stibine  decomposes  slowly  at  the  ordinary 
temperature  into  antimonj'  and  hydrogen,  one  volume  yielding 
1-544  vols,  of  hydrogen.  The  rate  of  decomposition  has  been 
carefully  studied,*  and  is  greatly  accelerated  by  the  presence  of 
water,  of  metallic  antimony,  or  of  hydrogen  chloride.  The  gas 
is  formed  from  its  elements  with  absorption  of  84,500  cal.,^  and 

1  See  Jones,  Jnurn.  Chem.  8oc.,  1876,  i.,  641. 

2  Mmiatsh.,  1886,  7,  371  ;  Ber.,  1901,  34,  3592. 

■i  Ber.,  1901,  34,  2339 ;  1902,  35,  2270  ;  Stock  and  Gutlmann,  Ber.,  1904, 
37,  885. 

■>  Stock  and  Guttmann,  Ber.,  1904,  37,  901,  1957  ;  Bodenstein,  Ber.,  1904, 
37,  1361;  Stock,  Gomolka  and  Heynemann,  Ber.,  1907,  40,  532;  Stock, 
Eoheandia  and  Voigt,  Ber.,  1908,  41,  1309. 

^  Berthelot  and  Petit,  Compt.  rend.,  1889,  108,  546. 
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explodes  when  a  spark  is  passed  through  it,  or  when  it  is 
strongly  heated.  Spontaneous  explosion  also  occurs  occasionally 
and  may  extend  to  the  liquid. 

Stibine  is  very  readily  decomposed  by  oxygen  and  air,  with 
formation  of  water  and  metallic  antimony,  and  is  also  attacked 
by  nitric  and  nitrous  oxides,  and  explodes  when  brought  into 
contact  with  chlorine. 

Stibine  is  easily  inflammable,  burning  with  a  greyish  flame, 
and  evolving  white  fumes  of  antimony  oxide.  When  the  gas 
is  passed  through  a  glass  tube  heated  above  150°  metallic 
antimony  is  deposited  close  to  the  heated  spot  in  the  form  of  a 
lustrous  mirror,  and  if  this  be  heated  more  strongly,  small 
metallic  globules  are  seen  by  the  microscope  to  have  been 
formed.  Concentrated  sulphuric  acid  decomposes  the  gas. 
Caustic  alkali  solution  becomes  deep  brown  when  the  gas  is 
passed  through  it,  and  at  last  a  black  powder  separates  out. 
The  brown  solution  absorbs  oxygen  rapidly,  and  especially  if 
it  be  shaken  with  air.  The  powder  thus  obtained  appears  to 
possess  the  composition  Sb(0H)3.  It  rapidly  decomposes  on 
standing,  becoming  richer  in  antimony.  When  antimony 
hydride  is  passed  through  a  solution  of  silver  nitrate,  black 
silver  antimonide,  SbAgg,^  is  first  formed ;  the  excess  of  silver 
nitrate  present,  however,  causes  a  further  reaction  to  take  place, 
and  the  final  precipitate  obtained  consists  of  silver  and 
antimony  hydroxide,  with  a  little  metallic  antimony.^  Sulphur 
decomposes  the  gas  and  becomes  itself  covered  with  a  film  of 
the  orange-red  antimony  sulphide  (Jones) : 

2SbH3+6S  =  Sb^Sg + SH^S. 
Sulphuretted   hydrogen  has  no  action  on  the  pure   gas,  but 
readily  decomposes  the  impure  mixture  with  hydrogen. 

Antimony  and  Oxygen. 
449  Considerable  doubt  formerly  existed  as  to  the  number  of 
the  oxides  formed  by  antimony.  Th^nard,  in  1800,  mentions 
several ;  whilst  Proust,  in  1804,  admitted  the  existence  of  only 
two.  The  exact  number  was  ascertained  by  Berzelius  in  1812 
to  be  as  follows: 

Antimony  trioxide,     Sb^Og, 

Antimony  tetroxide,  SbjO^, 

Antimony  pentoxide,  Sb^Oj. 

1  Lassaigne,  /.  Ohim.  MM.,  1840,  17,  44.3. 

2  Reokleben,  Ber.,  1909,  42,  1458  ;  see  also  Vitali,  VOrosi,  1892,  397. 
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All  these  are  acid-forming  oxides ;  the  first  acting  also  as  a 
feebly  basic  oxide. 

Antimony  Trioxide,  Sb^Og. — This  occurs  as  the  mineral  valen- 
tinite  with  other  ores  of  antimony,  having  been  produced  by 
the  oxidation  of  these.  It  forms  pearly-white  rhombic  crystals 
which  are  sometimes  coloured  yellow  or  red  by  the  presence  of 
iron  and  other  metals,  and  have  a  specific  gravity  of  5"566. 
Another,  though  less  frequent  form  of  antimony  trioxide,  is 
senarmontite,  which  usually  occurs  together  with  other  antimony 
ores,  and  crystallises  in  regular  octahedra,  having  a  specific 
gravity  of  5'2  to  5'3.  From  this  it  appears  that  antimony  tri- 
oxide is  isodimoi-phous  with  arsenious  oxide  (p.  219).  Both  these 
crystalline  forms  can  be  artificially  prepared.  Thus  when  the 
metal  or  sulphide  is  heated  in  an  inclined  crucible  a  light  white 
oxide  is  formed  at  a  red  heat,  and  this  when  more  strongly  heated 
is  deposited  on  the  upper  part  of  the  crucible  in  glisten- 
ing needles,  sometimes  mixed  with  octahedra,  and  known  as 
/lores  antimonii,  or  flowers  of  antimony.  This  latter  form 
is  also  observed  when  the  rhombic  oxide  is  sublimed,  and  the 
octahedra,  when  quickly  heated,  are  converted  into  the  rhombic 
crystals.!  Both  forms  are  also  obtained  by  crystallising  a  hot 
saturated  solution  of  the  oxide  or  chloride  in  sodium  carbonate 
(Mitscherlich).  Antimony  trioxide  is  prepared  by  diluting  an 
acid  solution  of  the  oxide  with  water,  and  washing  the  basic 
salts  which  are  thrown  down,  first  with  hot  water,  then  with 
sodium  carbonate  solution,  again  with  water,  and  finally  con- 
verting the  residue  into  oxide  by  ignition.  Obtained  in  this 
way,  the  oxide  is  a  pale  buff-coloured  crystalline  powder,  which 
can  also  be  obtained,  but  not  perfectly  pure,  by  oxidising  the 
metal  with  very  dilute  nitric  acid.  It  is  scarcely  soluble  in 
water,  and  becomes  yellow  when  ignited,  but  assumes  the  pale 
buff  tint  again  on  cooling. 

At  a  dark  red  heat  it  melts,  and  the  mass  obtained  on  cooling 
is  crystalline.  It  volatilises  at  1560°,  yielding  a  vapour  having 
a  specific  gravity  of  19'9,  corresponding  to  the  molecular  formula 
Sb^Og.^  It  is  insoluble  in  dilute  sulphuric  acid  and  in  nitric 
acid,  but  is  easily  soluble  in  hydrochloric  and  tartaric  acids,  and 
the  caustic  alkalis.  The  solution  of  antimony  trioxide  in 
cream  of  tartar  yields  potassium  antimonyl  tartrate  or  tartar 
emetic,  C^H^KSbOy.     Heated  in  the  air  it  absorbs  oxygen,  the 

'  Terreil,  Oompt.  rend.,  1866,  62,  302. 
■^  V.  and  C.  Meyer,  Ber.,  1879,  12,  1282. 
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tetroxide  ^  being  formed  at  all  temperatures  between  390-775° ; 
at  very  high  temperatures,  however,  the  latter  decomposes  and 
the  trioxide  is  again  formed.^  The  trioxide  is  readily  reduced 
when  it  is  heated  in  hydrogen.  According  to  Bunsen,  the 
presence  of  higher  oxides  can  be  easily  detected  by  the  addition 
of  potassium  iodide  to  the  hydrochloric  acid  solution,  when 
iodine  is  set  free,  as  may  be  readily  ascertained  by  shaking 
the  liquid  with  a  few  drops  of  carbon  disulphide. 

The  trioxide  in  solution  is  readily  converted  into  antimonic 
acid  by  means  of  oxidising  agents  such  as  iodine,  chlorine,  or 
potassium  dichromate,  but  the  change  cannot  be  completely 
effected  by  bromine  water,  nitric  acid,  or  potassium  chlorate  and 
hydrochloric  acid.^     It  reduces  the  salts  of  many  of  the  metals> 

The  mineral  valentinite  was  probably  known  to  the  ancients. 
Pliny  states  that  two  kinds  of  stibium  exist :  "  Duo  ejus  genera 
mas  etfemina.  Jlorridior  est  mas  scabriorque  et  minus  ponder  osus, 
inimosque  radians  et  arsenosior  ;  femina  contra  nitet,  friabilis 
fissurisque,  nan  globis,  dehiscens.  "  Perhaps,  however,  under  the 
feminine  variety  he  may  have  understood  the  preparation 
obtained  by  roasting  the  sulphide,  for  this  process  is  mentioned 
by  Dioscorides,  and  Glauber  also  refers  to  it.  The  operation  is 
more  fully  described  by  "  Basil  Valentine."  He  says  that  by 
regulating  the  fire  carefully  "  from  the  common  regulus  of  the 
spiessglas  magnificently  fine  Jlores  may  be  prepared,  both  yellow, 
red,  and  white."  Valentine  certainly  knew  that  the  mineral 
which  we  now  call  valentinite  is  an  ore  of  antimony,  for  he 
distinguishes  between  the  black  and  the  golden  spiessglas. 
The  oxide  obtained  by  roasting  the  metal  reduced  by  iron 
was  formerly  called  nixferrum,  as  it  was  believed  that  iron 
was  necessary  for  its  formation. 

Antimony  trioxide  acts  as  a  weak  acid-forming  oxide  and 
also  as  a  weak  basic  oxide.  The  salts  formed  by  the  action  of 
strong  acids  are  decomposed  by  water  with  formation  of  basic 
salts,  which  in  contact  with  water  are  gradually  converted  into 
the  oxide. 

Antimonious  Acid. — Two  hydrates  of  antimony  trioxide  have 
been  described,   which  may  be  considered  as  the  ortho-  and 

'  Carnelley  and  Walker,  Journ.  Chem.  Soc,  1887,  53,  86. 

2  Read,  Journ.  Chem.  Soc,  1894,  65,  .314;  Baubigny,  Compt.  rend.,  1897, 
124,  499,  560. 

3  Bosek,  Journ.  Chem.  Soc,  1895,  67,  515. 

<  Harding,  Zeit.  anorg  Chem.,  1899,  20,  235. 
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pyro-acids,  although  it  is  not  certain  that  they  are  definite  com- 
pounds, since  the  amount  of  water  contained  in  them  varies 
gradually  with  the  temperature  at  which  they  are  dried. 
The  ortho-acid,  HgSbOg,  is  obtained  by  adding  nitric 
acid  to  antimonyl  tartaric  acid  or  tartar  emetic,  and  drying  the 
precipitate  at  100°.  Thepyro-acid,  H^SbjOj,  is  formed  byadding 
copper  sulphate  to  a  solution  of  antimony  sulphide  in  caustic 
potash  until  no  further  orange-coloured  precipitate  is  thrown 
down,  but  a  white  precipitate  is  formed.  After  filtration  the 
liquid,  on  addition  of  acetic  acid,  yields  a  precipitate  having 
the  above  composition.^ 

Only  sodium  and  potassium  salts  have  as  yet  been  obtained 
in  the  crystalline  condition,  and  these  appear  to  be  salts  of  the 
(unknown)  meta-acid,  HSbOj. 

Sodiimi  Antimonite,  NaSbOjjSHgO,  separates  out  from  a 
hot  solution  of  the  oxide  in  caustic  soda  in  glistening  octahedra, 
which  are  sparingly  soluble  in  water. 

Hydrogen  Sodium  Antimonite,  NaSb02,2HSb02,  is  obtained 
from  very  concentrated  solutions  in  large  crystals  almost 
insoluble  in  water,  which,  like  those  of  the  former  compound, 
appear  to  belong  to  the  monoclinic  system.^ 

Potassium  Triantimonite,  K20,3Sb203,  is  formed  in  crystals 
when  the  trioxide  is  boiled  with  caustic  potash.^ 

Antimony  Tetroxide  or  Antimonious-Antimonic  Oxide,  SbjO^. — 
This  oxide  is  a  white  powder  formed  when  either  of  the  two 
other  oxides  is  strongly  heated  in  the  air.  When  heated  it 
becomes  temporarily  yellow,  and  dissolves  only  with  difficulty 
in  acids.  Antimony-ash,  obtained  by  roasting  the  sulphide  in 
the  air,  is  an  impure  tetroxide,  and  was  formerly  employed  for 
the  preparation  of  the  antimony  compounds.  Impure  tetroxide 
also  occurs  as  the  mineral  cervantite,  found  together  with 
other  antimony  ores  in  Tuscany.  Antimony  tetroxide  forms 
salts  with  basic  oxides  which  have  been  termed  hypoantimonates. 

Potassium  Hypoantimonate,  KgSbjOg,  is  obtained  by  fusing 
together  the  tetroxide  and  potash,  and  lixiviating  with  cold 
water.  It  is  a  white  mass  which  is  soluble  in  hot  water ;  on 
addition  of  hydrochloric  acid  to  this  solution  the  salt  K2Sb40g 
separates  out. 

Other  insoluble  hypoantimonates  can  be  obtained  by  double 

'  Schaffner,  AnnaUn,  1844,  51,  182. 

2  Terreil,  Ann.  Chim.  Phys  ,  1866,  [4],  7,  380. 

•>  Cormimboeuf,  Compt.  rend.,  1892,  115,  1305. 
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decomposition  with  the  corresponding  salts.  Some  of  these 
occur  as  minerals.  Thus  romeite,  CaSbgO^,  crystallises  in  tetra- 
gonal pyramids,  and  is  found  at  St.  Marcel,  in  Piedmont ;  and 
ammiolite  which  occurs  as  a  powder  coloured  red  by  the 
presence  of  cinnabar,  found  in  Chili,  is  probably  a  copper 
hypoantimonate,  CuSbgOg. 

Antimony  Pentoxide  and  the  Antimonic  Acids. 

450  Antimony  Pentoxide,  SbjOg,  is  obtained  by  rapidly  evapo- 
rating the  powdered  metal  or  its  lower  oxides  with  nitric  acid, 
and  gently  heating  the  residue.  This  product  usually  contains 
a  small  amount  of  the  lower  oxides,  but  the  pure  oxide  may  be 
prepared  by  gently  heating  the  precipitate  produced  by  adding 
dilute  nitric  acid  to  a  solution  of  potassium  antimonate.  It  is 
a  light  yellow  powder,  having  a  specific  gravity  of  5'6,  practi- 
cally insoluble  in  water,  and  turning  blue  litmus  paper  red. 
Nitric  acid  does  not  dissolve  it,  whilst  concentrated  hydrochloric 
acid  attacks  it  only  slowly,  but  at  last  dissolves  it  completely  ; 
it  volatilises  completely  when  heated  with  sal-ammoniac.  It  is 
reduced  to  the  trioxide  when  it  is  heated  with  hydriodic  acid, 
or  treated  with  stannous  chloride  solution.  Antimony  pent- 
oxide acts  as  a  stronger  acid-forming  oxide  than  the  trioxide, 
and  at  the  same  time  as  a  weaker  base,  the  only  stable  salts 
being  the  sulphide,  fluoride,  and  chloride,  all  of  which  have 
the  typical  formula  SbR^g. 

Antimonic  Acid. — Antimony  pentoxide  is  said  to  form  several 
distinct  hydrates,  which  correspond  in  composition  to  the 
hydrates  of  phosphorus  pentoxide,  and  are  known  by  similar 
names.  A  certain  amount  of  confusion  exists  in  the  nomen- 
clature of  these  acids  since  Berzelius  gave  the  name  of  antimonic 
acid  to  the  hydrate,  HSbOg,  the  true  metantimonic  acid,  whereas 
the  true  pyroantimonic  acid,  H^SbjO^,  was  termed  metantimonic 
acid  by  Fremy,  and  the  same  system  extended  to  the  salts. 

The  hydrated  pentoxide  which  is  formed  by  the  action  of 
cold  water  on  the  pentachloride,  or  by  oxidising  antimony 
trichloride  with  nitric  acid,  and  precipitating  by  water,  is 
moderately  soluble  in  water.  According  to  Delacroix,^  this 
solution  contains  pyroantimonic  or  tetra-antimonic  acid,  which 
is  converted  by  boiling  into  the  ortho-  or  tri-antimonic  acid,  and 

1  J.  Pharm.,  1897,  [6],  6,  337;  Bull.  Soc.  chim.,  1899,  [3],  21,  1049  ;  1900, 
[3],  25,  288. 
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yields  salts  of  the  types  M20,4Sb205  and  M20,2Sb205,  whereas 
Senderens  ^  describes  the  preparation  of  metantimonates  from 
the  same  solution. 

The  composition  of  all  the  acids  which  have  been  prepared 
in  the  solid  state  depends  on  the  temperature  at  which  they 
have  been  dried,  and  it  is  very  doubtful  whether  they  are  really 
definite  hydrates. 

The  ortho-acid,  HgSbO^,  is  formed  when  potassium  antimonate 
is  decomposed  by  dilute  nitric  acid  and  the  precipitate  dried 
at  100°.  The  meta-acid,  HSbOg,  is  formed  when  this  is  heated 
to  175°.  These  substances  are  white  powders  which  are  soluble 
in  aqueous  potash,  slightly  soluble  in  water,  and  are  converted 
into  the  pentoxide  when  heated.  The  meta-acid  was  formerly 
known  under  the  name  ot  materia  perlata,  and  was  employed  as 
a  medicine. 

The  pyro-acid,  H^Sb^O^  (Fremy's  metantimonic  acid),  is 
formed  by  the  decomposition  of  the  pentachloride  by  hot  water. 
The  air-dried  precipitate  ^  possesses  the  formula  H^Sb207,2H20, 
and  has  the  same  composition  as  volgerite,  a  mineral  which 
occurs  in  the  province  of  Constantine,  in  Algeria.  When  dried  at 
100°  it  becomes  anhydrous,  and  it  dissolves  rather  more 
readily  in  water  than  antimonic  acid,  and  is  soluble  also  in  cold 
ammonia.  When  heated  to  200°,  or  when  kept  under  water, 
it  is  converted  into  metantimonic  acid. 

The  Antimonaies. — Since  the  time  of  Berzelius,  the  anti- 
monates  have  been  chiefly  investigated  by  Fremy,^  Heffter,* 
Beilstein  and  Blase,^  Knorre  and  Olschewsky,"  Ebel,'  Delacroix, 
and  Senderens. 

Considerable  doubt  still  exists  as  to  the  constitution  of  these 
compounds,  since  most  of  them  contain  water,  and  it  is  uncertain 
whether  this  belongs  to  the  constitution  of  the  salt  or  is  water 
of  crystallisation. 

Potassium  Antimonate,  KSbOg,  is  obtained  by  deflagrating 
one  part  of  metallic  antimony  with  four  parts  of  saltpetre  and 
lixiviating  with  warm  water.  A  white  powder  is  thus  obtained, 
which  when  boiled  for  some  time  with  water  dissolves  to  a  con- 
siderable extent.     On  concentrating  the  solution  to  a  certain 

1  Bull.  Soc.  chim.,  1899,  [3],  21,  47. 

2  Daubrawa,  Annalen,  1877,  186,  110. 

'  Ann.  Chim.  Pliyx.,  1844,  [3],  12,  499  ;  1848,  [3],  23,  407. 

*  Pogg.  Ann.,  1852,  86,  418. 

'"  Joiirn.  Chem.  Soc,  1889,  56,  1123. 

«  Ber.,   1887,  20,  3043.  7  Ser.,   1889,  22,  3044. 
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point,  a  crystalline  mass  separates,  but  if  the  liquid  be  further 
evaporated,  a  gum-like  mass,  2KSbOg,wH20,  is  obtained  which 
dissolves  readily  in  warm  water.  When  dried  at  100°  this 
salt  contains  SHgO,  and  at  185°  still  contains  2H2O.  When 
a  current  of  carbon  dioxide  is  passed  through  a  solution  of 
the  normal  salt,  a  sparingly  soluble  acid  salt  is  precipitated 
which  has  the  formula  2K20,3Sb205,7H20  at  100°,  and  still 
contains  2H2O  at  350°.  This  salt  was  probably  known  to  the 
iatro-chemists,  and  was  much  employed  by  quack  doctors  and 
known  as  antimonium  diaphoreticwn  ablutum.  The  substance  ob- 
tained by  deflagrating  the  sulphide  with  saltpetre  was  employed 
at  the  end  of  the  seventeenth  century  under  the  name  antimonium 
diaphoreticuni  non  ablutum,  and  Libavius  and  others  treated  this 
residue  with  acids  in  order  to  obtain  their  diaphoreticum,  which, 
therefore,  consisted  chiefly  of  antimonic  acid. 

Normal  Potassnim  Pyroantimonate,  K^SbgO^,  was  described 
by  Fr^my  (under  the  name  of  metantimonate),  but  the  substance 
obtained  by  him  was  probably  a  mixture  of  caustic  potash  and 
potassium  antimonate.  A  sparingly  soluble  acid  salt, 
K2HgSb207,7H20,  can,  however,  be  prepared  by  oxidising  an 
alkaline  solution  of  potassium  antimonite  with  potassium 
permanganate  and  evaporating  the  filtrate  (Knorre  and 
Olschewsky).^ 

Sodium  Antimonate,  2NaSb03,7H20,  is  obtained  when  the 
metal  or  sulphide  is  deflagrated  with  Chili  saltpetre  and  the 
mass  washed  out  with  water.  At  200°  it  loses  two  molecules 
of  water,  but  it  does  not  become  anhydrous  until  it  attains  a 
red  heat. 

A  salt  which  is  probably  identical  with  this  is  formed  as  a 
voluminous  white  precipitate  when  sodium  chloride  is  added  to 
a  solution  of  the  gummy  potassium  antimonate.  This  changes 
on  standing  into  the  crystalline  acid  sodium  pyroantimonate, 
H2Na2Sb207,6H20.  This  salt  is  only  soluble  in  350  parts  of  cold 
water,  and  is  the  least  soluble  of  the  inorganic  salts  of  sodium.  A 
solution  of  potassium  antimonate  can  therefore  be  used  as  a  re- 
agent for  the  detection  of  sodium.  Even  when  a  solution  contains 
only  0"1  per  cent,  of  sodium  salt  a  crystalline  powder  separates 
out  after  standing  for  twelve  hours.  Addition  of  alcohol  facili- 
tates the  precipitation ;  free  alkalis,  on  the  other  hand,  retard 
its  formation.  The  salts  of  lithium,  ammonium,  and  the  metals  of 
the  alkaline  earths  give  precipitates  with  potassium  metanti- 

1  Ber.,  1885,  18,  2353. 
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monate,  and  hence  these  substances  must  be  removed  from  solu- 
tion before  the  above  test  for  sodium  can  be  applied. 

Ammonium  Antimonate,  NH^SbOg,  is  formed  by  dissolving 
the  acid  in  warm  ammonia.  It  separates  out  on  cooling  as  a 
crystalline  powder,  which  is  insoluble  in  water,  and  readily 
gives  off  ammonia.  This  is  the  only  ammonium  antimonate 
which  is  known.i 

Many  other  salts  have  been  prepared  by  the  action  of  alkalis 
and  metallic  acetates  on  a  solution  of  hydrated  antimonic  oxide 
in  water  (Delacroix,  Senderens). 

The  antimonates  of  metals  of  the  other  groups  are  either 
sparingly  soluble  or  insoluble  in  water.  They  may  be  obtained 
by  double  decomposition  as  crystalline  precipitates,  which  are 
decomposed  by  weak  acids  with  formation  of  acid  salts,  whilst 
stronger  acids,  on  the  other  hand,  liberate  antimonic  acid. 
Almost  all  the  antimonates  dissolve  in  strong  hydrochloric  acid. 

Normal  Lead  Antimonate,  Pb(Sb03)2,  is  a  white  curdy  precipi- 
tate, insoluble  in  water.  The  basic  salt,  Pb3(Sb03)2(OH)^,2H20, 
occurs  as  bleinierite,  at  Nertschinsk,  in  Siberia,  and  Endel- 
lion,  in  Cornwall,  in  reniform  or  spheroidal  masses,  which 
possess  a  resinous  appearance  and  a  white,  grey,  brown,  or 
yellowish  colour.  Another  basic  salt  which  is  used  in  oil 
painting  under  the  name  of  Naples  yellow,  is  obtained  by 
heating  a  mixture  of  one  part  of  tartar  emetic,  two  parts  of 
lead  nitrate,  and  four  parts  of  common  salt  for  two  hours  to 
the  fusing  point  of  sodium  chloride,  and  then  lixiviating  with 
water. 

Antimony  and  the  Halogens. 

451 ,  Antimony  Trifluoride,  SbFg,  is  obtained  as  a  dense  snow- 
white  mass  by  distilling  antimony  with  mercury  fluoride.  If 
a  solution  of  the  oxide  in  an  excess  of  hydrofluoric  acid  be 
evaporated,  the  fluoride  is  also  obtained  in  rhombic  pyramids. 
It  is  deliquescent,  and  is  not  decomposed  by  water ;  but  if  the 
solution  be  evaporated  without  an  excess  of  hydrofluoric  acid 
a  basic  fluoride  is  formed.  Antimony  trifluoride  forms  crys- 
talline double  salts  with  the  fluorides  of  the  alkali  metals, 
containing  one  molecule  of  the  trifluoride  to  one,  two,  or  three 
molecules  of  the  alkali  fluoride.  The  potassium  salt  is  used 
in  calico  printing. 

Antimony  Pentafluoride,  SbFg,  is  obtained  by  boiling  antimony 
>   Raschig,  Ber.,  1885,  18,  2743. 
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pentachloride  with  anhydrous  hydrofluoric  acid  in  a  platinum 
retort  provided  with  a  reflux  condenser  of  platinum  for  three 
days  and  fractionally  distilling  the  residue :  ^ 

SbClj  +  5HF  =  SbFg  +  5HC1. 

It  is  a  thick,  colourless  liquid,  which  has  the  specific  gravity 
2-993  at  22-7°,  boils  at  150°,  and  solidifies  when  cooled.  It 
attacks  the  skin,  and  dissolves  paraffin,  but  has  no  action  on  dry 
glass.  Exposed  to  air  it  unites  with  water,  forming  a  hydrate  with 
2H2O.  It  combines  with  antimony  trifluoride,  with  evolution  of 
heat  and  contraction,  forming  a  series  of  additive  compounds, 
varying  in  composition  from  SbF5,2SbF3  to  SbFj.SSbFg.  The 
pentafluoride  forms  difficultly  crystallisable  double  salts  with  the 
fluorides  of  the  alkali  metals.^  Chlorine  has  no  action  on  the 
pentafluoride,  but  bromine  forms  a  viscid,  dark  brown  mass,  pro- 
bably containing  SbF^Br.  Iodine  also  reacts  on  the  penta- 
fluoride with  development  of  heat  and  the  formation  of  a  bluish- 
green  liquid  or  of  a  dark  brown  solid. 

When  a  current  of  ammonia  is  passed  over  the  penta- 
fluoride a  vigorous  action  takes  place  and  it  becomes  coated 
with  a  yellowish-red  crust  which  prevents  further  action. 
When  heated  with  liquid  ammonia  at  100°,  a  white  powder  is 
formed  which  is  readily  decomposed  by  atmospheric  moisture. 

Various  compounds  of  antimony  pentafluoride  and  antimony 
pentachloride  have  been  described  by  Ruff.^ 

Antimony  Trichloride,  SbClg. — "  Basil  Valentine "  says, 
"  Take  of  fine  white,  well-sublimed  corrosive  sublimate,  and 
of  good  spiessglas  the  same  quantity.  Rub  these  up  together 
and  distil  them.  The  oil  which  comes  over  is  at  first  white, 
and  congeals  like  ice  or  clots  of  butter."  This  preparation  was 
termed  hutyrum  antimonii,  and  was  supposed  to  contain  quick- 
silver until  Glauber,  in  1648,  showed  that  this  was  not  the 
case,  inasmuch  as  it  could  be  prepared  by  distilling  spiessglas 
with  oil  of  vitriol  and  common  salt  or  hydrochloric  acid. 
Several  other  methods  of  preparation  may  be  mentioned,  as 
for  example,  by  heating  sulphate  of  antimony  with  sodium 
chloride,  as  well  as  by  heating  an  excess  of  metallic  antimony, 
or  its  sulphide,  in  a  current  of  dry  chlorine.' 

Antimony  trichloride  is  a  crystalline  mass,  melting  at  73'2° 

1  Ru£f  and  Plato,  Ber.,  1904,  37,  673  ;  see  also  Ber.,  1906,  39,  4310. 

2  Marignac,  AnnaUn,  1868,  145,  2.39.  »  Ber.,  1909,  42,  4021. 
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and  boiling  at  223'5°  (Kopp).'^  Its  colourless  vapour  has  the 
normal  specific  gravity  of  7'8  and  the  salt  dissolved  in  ether 
has  the  normal  molecular  weight.^  Its  latent  heat  of  fusion 
is  13"37  cal.  On  exposure  to  moist  air  the  solid  deliquesces  to 
a  clear  liquid,  and  this,  on  evaporation  over  sulphuric  acid, 
yields  crystals  of  the  anhydrous  chloride.  A  solution  of  the 
chloride  is  best  obtained  by  boiling  the  sulphide  with  strong 
hydrochloric  acid.  When  this  is  distilled  in  a  retort,  water 
comes  over  first,  next  the  excess  of  hydrochloric  acid,  and  lastly 
the  anhydrous  chloride.  The  concentrated  solution,  which  has 
a  specific  gravity  of  1"35,  is  known  as  liquid  hutter  of  antimony, 
and  is  employed  for  giving  a  brown  surface  to  iron  and  steel 
wares,  such,  for  instance,  as  gun-barrels  (brown  Bess) ;  it  is  also 
sometimes  used  for  pharmaceutical  purposes.  The  anhydrous 
chloride  yields  with  dry  ammonia  the  brittle  white  compound 
SbClgjNHg,  which,  on  heating,  gives  off  ammonia.  It  combines 
with  hydrochloric  acid  to  form  the  crystalline  compound 
2SbClg,HCl,2H20  and  also  forms  soluble  crystalline  double 
salts  with  a  variety  of  metallic  chlorides.^ 

Powder  of  Algaroth. — If  the  acid  solution  of  the  chloride  be 
diluted  with  water  a  white  precipitate  of  the  basic  chloride  is 
thrown  down.  This  precipitate  was  known  to  Paracelsus,  who 
employed  it  as  a  medicine,  and  states  in  his  Archidoxa  that  in 
order  to  prepare  it,  corrosive  sublimate  is  to  be  distilled  with 
antimony,  and  the  product  coagulated  with  water,  when  the 
mercurius  vitce  is  obtained.  Towards  the  end  of  the  sixteenth 
century  it  was  much  employed,  especially  by  the  Veronese 
physician,  Algarotus,  and  was  termed  by  him  pulvis  angelicus 
although  it  has  been  generally  known  as  powder  of  Algaroth. 
The  presence  of  tartaric  or  free  hydrochloric  acid  prevents 
the  precipitation  of  this  substance.  Its  composition  varies 
according  to  the  method  of  its  preparation.  If  ten  parts  of 
solid  trichloride  are  mixed  with  seventeen  parts  of  water,  and 
allowed  to  stand  until  the  precipitate  has  become  crystalline, 
the  compound  SbOCl  is  deposited  in  small  rhombohedra.  These 
may  be  washed  with  ether  in  order  to  remove  the  excess  of  the 
chloride.  The  same  compound  is  obtained  by  heating  equal 
molecules  of  the  trichloride  and  absolute  alcohol  in  sealed  tubes 
to  140°.  If  one  part  of  the  trichloride  be  mixed  with  three  parts 

'  iSee  also  Beckmann,  Zeit.  anorg.  Chem.,  1906,  51,  96. 
^  Lespieau,  Compt.  rend.,  1897,  125,  1094. 
•>  See  Ephraini,  Ber.,  1903,  36,  1815. 
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of  water,  and  the  precipitate  filtered  off  quickly  and  mixed  with 
ether,  the  same  body  is  obtained  in  the  form  of  an  amorphous 
powder.  When  this  substance  is  heated  the  trichloride  is  given 
off,  and  the  oxychloride,  Sb^OgClg,  remains  behind.  The  last 
named  compound  is  formed  as  an  amorphous  precipitate  when 
the  chloride  is  mixed  with  from  five  to  fifty  parts  of  water ;  on 
standing,  it  gradually  becomes  crystalline,  forming  silky  prisms. 
If  three  times  its  bulk  of  hot  water  be  added  to  the  trichloride, 
and  the  liquid  allowed  to  stand  at  60°  for  some  hours,  crystals 
are  obtained  resembling  soda  crystals,  which  also  possess  the 
composition  Sb^OjClg.^  When  larger  quantities  of  water  are 
employed  still  more  basic  chlorides  are  formed,  and  if  these  are 
boiled  repeatedly  with  water,  they  are  converted  into  the 
trioxide,  this  reaction  taking  place  more  quickly  in  the  presence 
of  sodium  carbonate.  If  antimony  oxide  be  dissolved  in  boiling 
antimony  trichloride,  a  pearl-grey,  crystalline  mass  is  obtained 
on  cooling,  having  the  composition  SbOCl,7SbCl3,  and  this 
compound  yields  the  substance  2SbOCl,Sb203  on  treatment 
with  absolute  alcohol. 

Antimony  PentacMoride,  SbClg,  was  discovered  by  H.  Rose 
in  1835,  and  is  prepared  by  the  direct  union  of  antimony  and 
chlorine,  which  takes  place  with  evolution  of  light  and  heat. 
It  is  also  readily  formed  by  saturating  the  fused  trichloride  with 
chlorine  gas.  Antimony  pentachloride  is  a  yellow,  fuming, 
disagreeably-smelling  liquid,  which  solidifies  in  a  freezing  mix- 
ture, forming  crystals  melting  at  —  6°.  It  is  readily  volatile,  par- 
tially decomposing  on  distillation  into  chlorine  and  trichloride, 
but  under  a  pressure  of  22  mm.  it  boils  without  decomposition 
at  79°,  whilst  under  the  same  conditions  the  trichloride  boils  at 
113'5°.^  The  vapour  density  ^  under  a  pressure  of  58  mm.  at 
218°  is  10,  the  calculated  number  being  lO'S.  When  brought  in 
contact  with  the  requisite  quantity  of  ice-cold  water  it  forms 
the  monohydrate,*  SbClg,H20,  crystallising  from  chloroform  in 
thin,  deliquescent  scales  melting  at  90°.  If  more  water  be 
added  *  a  clear  liquid  is  obtained,  and  this,  on  standing  over 
sulphuric    acid,    deposits    crystals   of  SbCl5,4H20,  which   are 


^  Sabanajew,  Zdt.  Chem.,  1871,  204. 

2  Anschlitz  and  Evans,  Ber.,  1886,  19,  1994 ;  Journ.  Ohem.  Soc,  1886,  49, 
708, 
^  Anschutz  and  Evans,  Annalen,  1889,  253,  95. 
''  Anschutz  and  Evans,  Annalen,  1887,  239,  239. 
■"  Weber,  Annalen,  1863,  125,  86. 
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insoluble  in  chloroform  (Anschiitz  and  Evans).  Hot  water 
produces  antimonic  acid.  As  it  easily  loses  chlorine,  antimony 
pentachloride  is  employed  in  organic  chemistry  in  the  chlorina- 
tion  of  many  bodies,  since  by  its  successive  formation  and 
decomposition  it  acts  as  a  chlorine  carrier.  With  hydrocyanic 
acid  it  forms  the  white,  crystalline  compound  SbCl^SHCN 
which  volatilises  under  100°  with  partial  decomposition.  It 
also  forms  solid  compounds  with  various  chlorides,  oxides,  etc., 
such  as  SbCl5,SCl,;  SbCls.PClg ;  SbCl5,POCl3;  2SbCi5,5NOCl; 
2SbCl5,NO ;  3SbCl5,2N02 ;  SbCl6,N,S,. 

Antimony  pentachloride  forms  a  very  large  number  of  double 
salts,  many  of  which  are  derived  from  the  complex  metachloro- 
antimonic  acid,  HSbClg,  which  is  obtained  in  greenish-yellow 
prisms  containing  ^^H^O  by  the  action  of  chlorine  and 
hydrogen  chloride  on  a  solution  of  antimony  trichloride.^ 

When  three  molecules  of  antimony  pentachloride  are  heated 
with  one  molecule  of  pentoxide  to  140°  two  oxychlorides  are 
obtained,  viz.,  SbgOCljg  and  SbgO^Cly,  which  as  they  melt  at 
different  temperatures  can  be  separated  one  from  the  other. 
The  first  is  a  white,  crystalline,  extremely  deliquescent  mass, 
which  melts  at  85°,  whilst  the  other  forms  yellowish  crystals, 
melting  at  97-5°. 

Antimony  Tetrachloride,  SbCl^,  is  not  known  in  the  free  state, 
but  it  is  probably  present  in  the  dark  brown  solution  formed  by 
the  action  of  chlorine  on  an  excess  of  antimony  trichloride.  A 
number  of  salts  have  been  prepared  of  the  type  M'jSbClg  which 
appear  to  be  derived  from  the  tetrachloride  and  are  character- 
ised by  their  dark  colour.  They  are  isomorphous  with  the 
corresponding  salts  of  the  tetrachlorides  of  lead,  tin,  and 
platinum.^  The  rubidium  salt,  Rb^SbClg,  is  obtained  by 
adding  rubidium  chloride  to  a  mixture  of  equal  molecular  pro- 
portions of  the  tri-  and  penta-chlorides  of  antimony  in  presence  of 
hydrochloric  acid.  It  crystallises  in  lustrous  dark  violet,  micro- 
scopic octahedra,  and  is  decomposed  by  water.  Analogous 
bromine  compounds  appear  also  to  exist. 

Antimony  Tribromide,  SbBrg. — Powdered  antimony  com- 
bines directly  with  bromine  with  evolution  of  light  and  heat. 
The  tribromide  sublimes  in  colourless,  deliquescent  needles,  which 

^  Weinland  and  Schmid, -^«i«.  anorg.  Ohem.,  1905,44,-37.  See  also -Bcr., 
1901,  34,  2633  ;  1903,  36,  244. 

^  Setterberg,  Ofver.  K.  Vetensk.  akad.  For. ,  1882,  23  ;  Weinland  and  Feige, 
Ber.,  1903,  36,  259  ;  Weinland  and  Schmid,  Ber.,  1905,  38,  1080. 
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melt  at  95°  and  boil  at  275° ;  water  decomposes  it  with  forma- 
tion of  a  basic  bromide.  Another  method  of  preparation  con- 
sists in  heating  an  excess  of  powdered  antimony  with  a  solution 
of  bromine  in  carbon  disulphide  ;  the  tribromide  thus  obtained 
on  evaporation  crystallises  in  octahedra. 

A  pentabromide  does  not  appear  to  exist. 

Antimony  Tri-iodide,  Sblg. — These  elements  combine 
together  directly  with  evolution  of  so  much  heat  that  if  large 
quantities  are  employed  explosions  may  ensue.  The  tri-iodide  is 
thus  obtained  as  a  brownish-red,  crystalline  mass,  yielding  a 
cinnabar-red  powder,  and  crystallising  in  six-sided  tablets  from 
solution  in  hot  carbon  disulphide.  It  melts  at  171°  to  a  garnet- 
red  liquid  and  forms  a  violet-red  vapour,  which  at  a  higher 
temperature  becomes  scarlet.  It  sublimes  at  a  temperature 
slightly  above  its  melting  point,  boils  between  414°  and  427° 
(Camelley  and  Williams),  and  is  decomposed  by  water,  with 
formation  of  a  yellow  oxyiodide,  which  forms  crystalline  double 
salts  with  the  various  iodides. 

Both  the  bromide  and  iodide  form  numerous  double  salts. 

Antimony  Pentiodide,  Sblg,  was  supposed  to  be  formed  as  a 
very  unstable,  brown,  crystalline  mass  when  the  two  elements 
were  fused  together  and  the  excess  of  iodine  removed  by  heating 
at  130°,^  but  its  existence  is  very  doubtful,^  and  Jaeger  and 
Doornbosch  *  and  also  Quercigh  *  have  shown  by  the  method  of 
thermal  analysis  that  there  is  no  evidence  of  its  formation. 

Antimony  and  the  Sulphur  Group. 

452  Only  two  well-defined  sulphides  of  antimony,  the  tri- 
sulphide,  SbgSg,  and  the  pentasulphide,  SbgSg,  are  known.  A 
tetrasulphide,  Sb2S^,  has  been  described,  but  its  existence  is 
doubtful.^ 

Antimony  Trisulphide,  SbgSg,  occurs  crystallised  as  stibnite 
in  the  older  stratified  rocks.  This  is  the  most  important  ore 
of  antimony,  and  it  is  found  in  considerable  quantity,  occurring 
in  Cornwall,  Hungary,  Transylvania,  in  the  Banat,  in  the  Harz, 

1  Pendleton,  Ohem.  Neios,  1883,  48,  97. 

2  Maclvor,  Chem.  News,  1874,  29,  255;  Journ.  Chem.  Soc,  1876,  29,  330; 
Chem.  News,  1902,  86,  223. 

"  Zeit.  anorg.  Chem.,  1912,  75,  261. 

*  Atti  R.  Accad.  Inst.  Veneto  Sci.,  1912,  70,  ii.  667. 

5  See  BoSek,  Journ.  Chem.  Soc,  1895,  67,  515. 
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in  Westphalia,  in  the  Black  Forest,  in  Bohemia,  in  the  Auvergne, 
in  Estramadura,  Algiers,  Corsica,  Siberia,  Nevada,  New 
Brunswick,  in  Japan,  where  it  is  found  in  magnificently  large 
and  perfect  crystals,  and  in  Borneo  in  large  quantities.  It 
crystallises  in  prisms,  but  is  usually  found  in  columnar  or 
striated  masses,  which  soil  the  fingers  like  graphite.  It  is 
easily  pulverisable,  and  readily  fusible,  and  has  a  specific 
gravity  of  4-62.  The  crude  sulphide  occurring  in  commerce 
is  obtained  by  melting  the  ore  in  the  manner  already  de- 
scribed, and  is  sold  in  rounded  masses  having  the  form  of 
the  vessel  in  which  the  molten  sulphide  solidifies.  It  has 
a  metallic  lustre,  steel-grey  streak,  and  crystalline  fracture. 
From  early  times  this  substance  has  been  used  in  the  East 
under  the  name  of  Kohl.  The  alchemists  occupied  them- 
selves much  with  the  properties  of  this  body,  as  it  was  used 
for  the  purification  of  gold,  and  was  termed  judex  ultimus 
or  lupus  metallorum.  Antimony  trisulphide  also  exists  in  the 
amorphous  state,  and  in  this  form  was  known  to  "  Basil  Valen- 
tine." He  states  that  crude  spiessglas  may  be  sublimed  with 
formation  of  a  red  body  when  it  is  mixed  with  sal  ammoniacum. 
In  this  way  antimony  chloride  and  ammonium  sulphide  are 
formed,  which  again  react  on  cooling,  producing  the  original 
compounds,  the  antimony  sulphide  separating  out  as  a  red 
powder.  Glauber,  and  also  Lemery,  speak  of  the  solution  and 
the  subsequent  precipitation  of  the  spiessglas  with  caustic 
alkalis ;  but  it  was  not  until  1714  that  attention  was  directed 
to  the  red  sulphide  of  antimony.  In  this  year  a  Carthu- 
sian monk  whose  life  had  been  despaired  of  by  the  Paris  faculty 
was  saved  by  a  monk  of  the  name  of  Simon  administering  to 
him  a  medicine  which  was  first  prepared  by  a  German  apothe- 
cary, a  disciple  of  Glauber,  and  which  was  bought  by  the 
Parisian  apothecary  de  la  Ligerie.  This  was  soon  known  as 
the  "poudre  des  chartreux,"  or  Carthusian  powder.  Simon, 
however,  gave  to  it  the  name  oi  Alhermes  mineral,  and  such  was 
the  reputation  which  this  medicine  enjoyed  that  the  French 
Government  bought  the  receipt  for  its  preparation  in  1720  from 
de  la  Ligerie.  The  process  consisted  in  boiling  the  spiessglas 
with  potashes  and  allowing  the  clear  solution  to  cool,  when  the 
kermes  was  deposited  as  a  red  powder.  In  1728  Stabel  found 
that  when  caustic  potash  was  employed,  a  red  powder  was  also 
obtained,  which  Mender  in  1738  showed  to  be  pure  kermes, 
and  C.  J,  Geoffroy  in  1735  proved  that  the  same  preparation 
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was  obtained  when  spiessglas  was  fused  with  carbonates  of  the 
alkali  metals,  and  the  liver  of  antimony  thus  obtained  boiled 
with  water.  This  body  was  believed  to  be  a  compound  of 
antimony,  sulphur,  and  alkali,  though  chemists  such  as  Baiume 
denied  that  it  contained  any  alkali,  and  assumed  that  in  spiess- 
glas regulus  of  antimony  was  combined  with  sulphur,  whilst  in 
mineral  kermes  calx  of  antimony  was  combined  with  sulphur. 
Many  other  views  were  held  concerning  the  composition  of  this 
compound  until  Eose  in  1825,  and  Fuchs  in  1833,  showed  that 
mineral  kermes  is  nothing  more  than  amorphous  antimony 
sulphide. 

Various  methods  may  be  adopted  for  the  preparation  of 
mineral  kermes,  which  for  fifty  years  was  highly  prized  as  a 
medicine,  and  even  now  is  sometimes  employed.  All  these 
processes  yield  a  preparation  containing,  as  impurity,  varying 
quantities  of  antimony  oxide,  both  free  and  combined  with  the 
alkalis,  and  moreover  on  exposure  to  air  oxidation  occurs  with 
formation  of  the  oxide  and  free  sulphur.^  Hence  the  prepara- 
tion of  the  kermes  should  be  carried  on  exactly  according  to 
the  prescription  of  the  pharmacopoeia. 

In  order  to  prepare  the  amorphous  sulphide  free  from  oxide, 
the  crystalline  compound  is  boiled  with  caustic  potash  in  absence 
of  air,  the  liquid  filtered  and  the  hot  diluted  solution  precipi- 
tated with  sulphuric  acid.  The  precipitate  is  then  washed  with 
very  dilute  acid,  and  afterwards  with  cold  water ;  and  to  remove 
any  oxide  which  may  be  present  it  is  heated  with  a  solution  of 
tartaric  acid.  Thus  obtained  the  precipitate  becomes  anhydrous 
when  dried  at  100°  and  forms  a  reddish-brown  light  powder 
which  readily  soils  the  fingers.  This  is  more  soluble  in  hydro- 
chloric acid,  in  the  fixed  alkalis  and  their  carbonates  than  the 
crystalline  compound  into  which  it  is  converted  on  fusion.  It 
may  also  be  obtained  by  pouring  fused  stibnite  into  an  excess 
of  cold  water.  It  then  forms  an  amorphous  lead-grey  mass 
which  appears  of  a  hyacinth-red  colour  when  seen  in  thin  films, 
has  a  specific  gravity  of  4'15,  and  when  triturated  is  converted 
into  a  dark  reddish-brown  powder. 

If  sulphuretted  hydrogen  is  passed  into  an  acid  solution  of 
the  trichloride  or  into  an  acidified  solution  of  tartar  emetic,  an 
orange-red  precipitate  of  amorphous  hydrated  sulphide  is  ob- 
tained, which  after  drying  at  100-180°  becomes  black  at  200° 
The  precipitated  sulphide  also  becomes  black  when  it  is  boiled 
1  PoUacci,  Boll.  Chim.  Farm,,  1906,  45,  401. 
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with    two   parts  of    hydrochloric  acid  and   one  of  water  in  a 
current  of  carbon  dioxide.^ 

When  the  sulphide  is  heated  at  850°  in  nitrogen,  and  the 
vapours  rapidly  condensed,  black  needles  are  formed  accom- 
panied by  lilac-coloured  spherical  globules  which  appear  to 
constitute  a  polymorphic  variety  of  the  sulphide.^  This  form 
has  the  specific  gravity  4'278  at  0°,  and  passes  at  220"  into  the 
black  crystalline  form,  which  has  the  specific  gravity  4'652  and 
melts  3  at  540°. 

When  a  dilute  solution  of  tartar  emetic  is  added  to  sul- 
phuretted hydrogen  water  a  colloidal  solution  of  antimony  sul- 
phide is  produced,  which  is  orange-red  by  transmitted  light,  and 
can  be  boiled  without  undergoing  change.  Calcium  chloride  and 
many  other  electrolytes  cause  an  immediate  precipitation  of  the 
sulphide.*  On  heating  in  a  current  of  hydrogen  the  trisulphide 
is  reduced  to  metal,  but  it  may  be  sublimed  without  decom- 
position in  an  atmosphere  of  nitrogen.  The  equilibrium 
between  the  sulphide  and  hydrogen  at  various  temperatures 
has  been  examined  by  P^labon."  Crystalline  antimony  sulphide 
is  used  not  only  for  the  preparation  of  the  other  antimony 
compounds,  but  also  in  pyrotechny,  and  for  the  preparation, 
especially  in  Sweden,  of  the  heads  of  lucifer  matches,  as  well 
as  for  the  composition  used  for  firing  breechloading  firearms. 
The  amorphous  sulphide  is  largely  used  as  a  means  for  vul- 
canising caoutchouc,  to  which  it  also  imparts  a  reddish-brown 
colour. 

The  compound  known  as  antimony  cinnabar,  which  is  ob- 
tained by  warming  a  solution  of  the  trichloride  with  sodium 
thiosulphate,  is  the  trisulphide.  This  substance  is  used  in  oil 
painting  as  well  as  in  water-colour  painting  and  as  a  distemper. 

The  Thioantimonites  or  Livers  of  Antimony  are  formed  by  the 
combination  of  the  trisulphide  with  metallic  sulphides.^  Those 
of  the  alkali  metals  are  prepared  by  fusing  the  constituents 
together.  They  are  brown  or  black,  and  when  they  contain  a 
large  quantity  of  metallic  sulphide  they  are  easily  soluble  in 

1  Mitchell,  Chem.  News,  1893,  67,  291. 

•■^  Guinchant  and  Chretien,  Compt.  rend.,  1904,  138,  1269;  139,  51. 

"  See  also  Pdlabon,  Compt.  rend.,  1904,  138,  277;  and  Zani,  Bull.  Acad, 
roy.  Belg.,  1909,  1169. 

4  Pioton,  Joum.  Chem.  Soc,  1892,  61,  142  ;  Biltz  and  Geibel,  Nachr.  K. 
Oes.  Wise.  Oottingen,  1906,  141. 

■'  Compt.  rend.,  1900,  130,  911. 

6  See  Pouget,  Compt.  rend.,  1897,  124,  1445,  1518. 
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water,  but  when  the  quantity  of  antimony  increases,  these  livers 
of  antimony  become  more  sparingly  soluble,  and  at  last  insoluble 
in  water.  The  same  compounds  are  formed  when  the  trisul- 
phide  is  dissolved  in  an  aqueous  solution  of  a  sulphide,  or, 
mixed  with  antimonite,  when  the  trisulphide  is  fused  with  an 
alkali  or  alkali  carbonate  or  treated  with  the  solution  of  an 
alkali : 

2Sb2S3 + 4K0H  =  SKSbSg + KSbO^ + 2Bfi. 

Acids  precipitate  the  amorphous  trisulphide  from  these  solutions, 
which  also  absorb  oxygen  rapidly  from  the  air.  Many  of  the 
thioantimonites  occur  as  minerals,  and  the  composition  of  some 
of  these  has  been  already  given.^  The  alkali  salts  ^  belong  to 
the  types  MSbSa,  M^SbSg,  M^Sb^S^,  and  M^Sb^Sg. 

Antimony  Pentasuljphide,  SbgSj. — This  compound  does  not 
occur  in  the  native  state.  ''  Basil  Valentine "  mentions  that 
when  spiessglas  is  boiled  with  strong  caustic  ley,  and  acetic  acid 
added  to  the  liquor,  a  red  body  is  precipitated,  and  Quercetanus 
in  1603  mentions  in  his  pharmacopoeia  a  preparation  from 
spiessglas  and  liver  of  sulphur  by  means  of  acids,  terming  it 
sulphior  antimonii  auratum.  In  1654  Glauber  mentions  in  the 
"pharmacopoeia  spagyrica"  the  preparation  obtained  by  preci- 
pitating the  slag  formed  in  the  preparation  of  regulus  of 
antimony  by  means  of  acetic  acid,  and  recommends  this  pro- 
duct as  panacea  antimonialis  or  sulphur  purgans  universale. 
This  preparation,  which  was  known  as  golden  sulphuret  of 
antimony,  soon  became  a  favourite  medicine.  It  was  obtained 
from  the  more  or  less  oxidised  solution  of  liver  of  antimony,  con- 
taining a  thioantimonate.  If  this  be  fractionally  precipitated  by 
hydrochloric  acid  a  brown  kermes  is  first  thrown  down  and 
afterwards  a  golden-coloured  sulphide,  which  has  therefore  been 
termed  sulphur  auratum  tertice  prcecipitationis.  In  later  times 
stibnite  was  boiled  with  alkali  with  addition  of  sulphur  and  the 
solution  precipitated  with  acid.  At  the  present  day  pure  thio- 
antimonate is  first  prepared,  and  for  this  purpose  the  well- 
crystallised  sodium  salt  is  employed  ;  this  is  dissolved  in  from  10 
to  60  parts  of  water  and  a  cold  mixture  of  3'3  parts  of  sulphuric 
acid  and  100  parts  of  water  is  gradually  added ;  the  precipitate 

^■Seealso  Sommerlad,  Zeit.  anorcj.  Ohem.,  1897,15,  173;  Pouget,  Oompt. 
rend.,  1897,  124,  1518  ;  1903,  136,  1450. 

2  See  Pouget,  Compt.  rend.,  1897,124,1445;  1898,126,1144,1792.  Stanek, 
Zeit.  anorg.  Ohem.,  1898,  17,  117. 
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is  well  washed  with  distilled  water  and  dried  at  a  moderate 
temperature  in  the  dark. 

The  pure  pentasulphide  is  precipitated  when  an  excess  of 
sulphuretted  hydrogen  water  is  added  to  a  solution  containing 
the  antimony  in  the  form  of  antimonic  acid  at  the  ordinary 
temperature  (Bunsen).i  When  sulphuretted  hydrogen  is  passed 
into  the  antimony  solution  a  mixture  of  pentasulphide,  tri- 
sulphide,  and  sulphur  is  formed,  the  proportion  of  the  penta- 
sulphide diminishing  as  the  rate  at  which  the  gas  is  passed  is 
lessened  and  as  the  temperature  is  raised.  Hydrochloric  acid  up 
to  about  20  per  cent,  favours  the  production  of  the  pentasul- 
phide, but  in  larger  amount  hinders  it.^ 

Antimony  pentasulphide  is  a  fine  yellowish-red  powder  easily 
soluble  in  aqueous  alkalis  and  their  sulphides,  and  also,  in 
absence  of  air,  in  warm  ammonia.  It  likewise  dissolves  in  the 
carbonates  of  the  alkali  metals,  but  not  in  ammonium  carbonate. 
When  exposed  to  sunlight,  heated  in  water  to  98°,  or  simply 
heated  in  absence  of  air,  it  decomposes  into  the  black  trisulphide 
and  sulphur,  and  when  boiled  with  hydrochloric  acid,  sulphur 
separates  out,  sulphuretted  hydrogen  is  evolved,  and  the  tri- 
chloride is  found  in  solution. 

Sodium  Thioantimonate,  Na3SbS^,9H20. — -This  is  termed, 
from  the  discoverer,  Schlijope's  salt,  and  is  obtained  by  dissolving 
the  trisulphide,  sulphur,  and  caustic  soda  or  a  mixture  of  soda- 
ash  and  lime,  in  the  requisite  quantity  of  water ;  or  by  fusing 
together  16  parts  of  anhydrous  sodium  sulphate,  13  parts  of 
stibnite,  and  5  parts  of  carbon,  dissolving,  and  boiling  the  solu- 
tion with  2'5  parts  of  sulphur.  It  crystallises  in  large,  colourless 
or  yellow,  regular  tetrahedra  which  have  an  alkaline  reaction 
and  a  saline  cooling  metallic  taste  resembling  that  of  liver 
of  sulphur.  It  dissolves  at  15°  in  2'9  parts  of  water  and  is 
precipitated  from  aqueous  solution  by  alcohol.  The  hydrated 
crystals  on  exposure  to  moist  air  soon  become  covered  with  a 
kermes-coloured  coating,  and  when  they  are  heated  in  absence 
of  air  water  is  given  off  and  the  anhydrous  salt  formed.  This 
fuses  at  a  dark-red  heat,  yielding  on  solidification  a  soluble 
brown  mass. 

Potassium  Thioantimonate,  KgSbS^.gHgO,  is  prepared  in  a 
similar  way  to  the  sodium  salt  and  forms  deliquescent  crystals. 

'  Annalen,  1878,  192,  305. 

2  BoSek,  Joum.  Chem.  Soc,  1895,  67,  515  ;  Brauner,  ibid.,  527.     See  also 
Kleuker,  J.  pr.  Chem.,  1899,  [2],  59,  150,  353. 
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Ammonium  Thioantimonate,  (NH^)3SbS^,  is  formed  when  the 
trisulphide  and  flowers  of  sulphur  are  dissolved  in  red  am- 
monium sulphide.  It  crystallises  in  unstable  pale  yellow 
prisms.^ 

Barium  Thioantimonate,  Ba3(SbSj)2,6H20,  is  prepared  by 
dissolving  the  freshly  precipitated  golden  sulphide  of  antimony 
in  barium  monosulphide  and  precipitating  by  alcohol.  In  this 
way  stellate  groups  of  needles  are  obtained. 

The  calcium  salt  is  prepared  in  a  similar  way  and  is  thrown 
down  as  an  oily  liquid  on  addition  of  alcohol. 

The  thioantimonates  of  the  alkali  metals  have  been  isolated 
by  Donk.^ 

The  thioantimonates  of  the  other  groups  are  almost  entirely 
insoluble  in  water  and  are  obtained  by  double  decomposition 
between  their  soluble  salts  and  sodium  thioantimonate.  They 
are  yellow,  red,  brown,  or  black  precipitates. 

Antimony  Oxy sulphide,  SbgSgO,  is  found,  together  with 
stibnite,  as  kermesite  or  antimony  blende  in  needle-shaped 
crystals  or  thin  six-sided  prisms  which  have  a  cherry-red  colour 
and  an  almost  metallic  lustre.  The  same  compound  is  obtained 
as  a  reddish-brown  powder  by  adding  antimony  trisulphide 
to  fused  antimony  iodide,  and  treating  the  mass  with  dilute 
hydrochloric  acid,  when  a  dark  reddish-brown  lustrous  powder 
of  antimony  thio-iodide,  SbSI,  remains  behind,  and  this,  when 
boiled  with  water  and  oxide  of  zinc,  is  converted  into  the 
oxysulphide. 

Both  the  following  preparations,  which  were  formerly  made 
use  of,  are  probably  mixtures  of  the  oxide  and  sulphide,  as  was 
shown  by  Proust  in  opposition  to  the  view  held  by  BerthoUet 
that  they  were  compounds  of  the  oxide  with  varying  amounts 
of  sulphur. 

Glass  of  Antimony  or  Vitrum  Antimonii  is  obtained  by  fusing 
oxidised  stibnite  with  a  small  quantity  of  the  sulphide.  It 
forms  a  transparent  dark  ruby-red  mass,  formerly  largely  em- 
ployed for  obtaining  the  other  antimony  compounds,  but  now 
used  only  for  imparting  a  yellow  tint  to  glass  and  porcelain. 

Antimonial  Saffron  or  Crocus  Antimonii. — If  stibnite  is  de- 
flagrated with  a  quantity  of  saltpetre  insufficient  for  complete 
oxidation  a  brownish-yellow  powder  is  obtained  on  lixiviation 
which  when  heated  melts  to  a  yellow  glass. 

1  Stanek,  Zeit.  anorg.  Ohem.,  1898,  17,  J 17. 

2  Ohem.  Weekblad,  1908,  5,  529,  629. 
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Chlorosulphide  of  Antimony. — Two  compounds  of  this  class, 
SbSgCl  and  SbgSjCl,  have  been  obtained  as  reddish-brown 
crystalline  substances  by  the  action  of  sulphuretted  hydrogen 
on  antimony  trichloride  at  its  melting  point.^  The  compound 
SbSCljVSbClg  is  obtained  by  heating  the  trichloride  and 
trisulphide  together.     Alcohol  converts  it  into  2SbSCl,3Sb2S2. 

lodosulphide  of  Antimony. — Compounds  of  the  formula 
SbSgl  and  SbSgIs  are  formed  when  antimony  trisulphide  is 
heated  with  iodine  (Ouvrard). 

Antimo7iy  Trisulphate,  Sb2(S04)3,  is  obtained  as  a  white 
mass  by  heating  either  the  metal  or  the  oxide  with  concentrated 
sulphuric  acid.  The  composition  of  the  salt  depends  on  the 
concentration  of  the  acid  used,  acid  or  basic  salts  being  obtained 
when  the  acid  employed  is  stronger  or  weaker  than  that  re- 
presented by  the  formula  HjSO^.^  The  normal  salt  crystallises 
from  a  tolerably  acid  concentrated  solution  in  long  glistening 
silky  needles,^  and  is  decomposed  by  water  into  a  soluble  acid 
salt,  and  an  insoluble  basic  salt.  If  antimony  chloride  be  heated 
with  fuming  sulphuric  acid  a  basic  salt,  Sb20(S04)2,  is  produced 
in  small  glistening  crystals,  which  in  contact  with  alcohol  are 
transformed  into  the  salt  Sb^OjSO^,  consisting  of  a  white  powder, 
which,  when  treated  with  boiling  water,  yields  the  salt  Sb^OjSO^. 
Several  other  salts  have  also  been  described. 

Antimony  sulphate  yields  double  salts  with  the  alkali  sul- 
phates, such  as  KSb(S0^)2,  which  cr3'stallises  in  nacreous  leaflets. 
These  are  decomposed  by  water,  yielding  antimonious 
hydroxide.* 

453  Antimony  Triselenide,  Sb^Sog,  is  formed  when  the  two 
elements  are  fused  together,  a  metallic  lead-grey  crystalline  mass 
being  produced  ^  which  melts  at  605°.  When  selenium  hydride 
is  passed  into  a  solution  of  tartar  emetic  the  same  compound 
is  precipitated  as  a  black  powder. 

Antimony  Fentaselenide,  Sb.^Sej,  is  precipitated  as  a  brown 
powder  by  adding  dilute  sulphuric  acid  to  a  solution  of  sodium 
seleno-antimonate. 


'  Ouvrard,  Gompt.  rend.,  1893,  116,  1516;  117,  107. 

2  Adie,  Chem.  News,  1890,  61,  58. 

i*  Sohultz-Sellack,  Ber.,  1871,  4,  13. 

■^  Gutmann,  Arch.   Pharm.,  1898,  236,  477  ;   Metzl,  Zeit.    anorg.  Ghem., 

1906,  48,  140  ;  German  Patent  161776.      See  also  Ktthl,  Zeit.  anorg.   Ghem., 

1907,  54,  256  ;  Gutmann,  Arch.  Pharm.,  1908,  246,  187. 

^  See   P^labon,   GompL  rend.,  1906,  142,  207 ;  Chretien,  ibid.,  1339,  1412. 
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Sodium  Seleno-antimonate,  Na3SbSe^9H20,  is  isomorphous 
with  the  corresponding  thio-antimonate,  and  is  obtained  by 
fusing  together  4  parts  of  sodium  carbonate,  6  parts  of  anti- 
mony triselenide,  3  parts  of  selenium,  and  1  of  charcoal.  The 
fused  mass  is  boiled  out  with  water  in  absence  of  air  and  the 
filtrate  covered  with  a  layer  of  strong  alcohol.  The  salt  separates 
out  after  some  time  in  orange-red  transparent  tetrahedra  which 
are  soluble  in  two  parts  of  cold  water  and  become  red-coloured 
on  exposure  to  air,  with  separation  of  selenium.  When  a 
solution  of  Schlippe's  salt  is  boiled  with  selenium,  filtered,  and 
the  solution  concentrated  in  absence  of  air,  yellow  tetrahedra  of 
NagSbSeSg.QHgO  are  deposited. 

Antimony  and  tellurium  ^  when  fused  together  yield  only  one 
definite  compound,  antimony  tritelluride,  SbgTog. 

Antimony  and  the  Nitrogen  Group. 

454  No  definite  nitrate  of  antimony  is  known,  although  the 
white  powder  obtained  by  the  action  of  nitric  acid  on  antimony 
contains  nitrogen,  and  is  converted  by  water  into  antimony  pent- 
oxide  and  nitric  acid. 

If  phosphorus  be  added  to  fused  antimony  a  tin-white  phos- 
phide of  antimony  is  obtained  which  when  heated  in  the  air 
burns  with  a  greyish  flame. 

Antimony  Thiophosphate,  SbPS^  or  Sb2S3,P2S5,  is  formed  when 
the  trichloride  or  trisulphide  is  heated  with  phosphorus  penta- 
sulphide.     It  is  a  fusible,  insoluble,  yellow,  crystalline  mass.^ 

Antimony  combines  directly  with  arsenic.  The  compound 
SbAsj  occurs  as  allemontite  in  reniform  or  amorphous  masses 
having  a  metallic  lustre. 

Medicinal  Uses  of  Antimony. 

455  As  we  have  seen,  various  antimony  preparations  are 
used  as  important  medicines.  Paracelsus  was  one  of  the  first 
to  employ  these  for  internal  use,  and  his  exauiple  was  followed 
by  the  other  iatro-chemists,  many  of  whom  worked  diligently 
on  antimony  and  its  compounds.  The  disciples  of  the  old 
Galenic  school  were  violently  opposed  to  the  introduction  of  the 
antimony  compounds   into   medicine,  and  they   succeeded   in 

1  See  Fay  and  Ashley,  Amer.  Chem.  J.,  1902,  27,  95. 

2  Glatzel,  Ber.,  1891,  24,  3886. 
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inducing  the  Paris  Parliament  in  1566  to  prohibit  the  use  of 
antimony  and  its  compounds  by  all  physicians  on  pain  of 
having  their  licences  withdrawn.  In  1603  the  medical  faculty 
of  Paris  took  a  similar  step,  and  this  decree  was  not  withdrawn 
until  the  year  1666. 

Metallic  antimony  itself  was  at  one  time  employed  for  the 
preparation  of  goblets  in  which  wine  was  allowed  to  stand 
overnight  in  order  that  it  might  be  used  as  an  emetic  ;  but  this 
practice  fell  into  disuse  even  during  Boyle's  time.  Pills  made 
of  metallic  antimony  were  employed  at  a  later  period ;  these 
were  termed  everlasting  pills,  because  they,  like  the  goblets, 
were  believed  only  to  act  by  contact  and  not  to  lose  their  weight. 
This  error  was  first  combated  by  Lemery  and  Vigani,  a  Veronese 
quack  doctor  who  lived  in  England,  and  they  showed  that  both 
antimony  and  fused  stibnite  became  acted  upon  when  placed  in 
contact  with  wine. 

Whilst  formerly  a  large  number  of  antimony  compounds 
were  employed  in  medicine,  the  only  ones  which  are  used  at  the 
present  day  are  tartar  emetic  or  potassium  antimonyl  tartrate, 
C4H^K(SbO)Og,  and  the  trisulphide  or  antimonium  sulphur atum. 
The  first  compound  is  given  in  doses  of  0'0027  to  0;008  gram 
as  a  diaphoretic,  and  from  0'065  to  0'13  gram  as  an  emetic. 
The  dose  of  the  second  is  from  0-065  to  01 3  gram. 

In  larger  doses  it  produces,  like  white  arsenic,  violent  irrita- 
tion in  the  intestines,  vomiting  and  purging.  When  one  large 
dose  only  is  administered  the  case  proceeds  rapidly  to  recovery 
or  death,  generally  the  former,  if  the  case  be  placed  early  under 
proper  treatment,  and  in  this  respect  acute  antimonia!  is 
distinguished  from  acute  arsenical  poisoning. 

In  cases  of  chronic  antimony  poisoning  the  principal  symptoms 
are  dryness  of  the  throat,  pain  on  swallowing,  nausea  and 
vomiting,  diarrhoea,  loss  of  flesh,  giddiness,  fainting,  and 
albuminuria.  Death  takes  place  from  exhaustion  and  wasting. 
Several  cases  have  occurred  in  this  country  to  show  that  tartar 
emetic  has  been  thus  criminally  and  fatally  used  (Taylor). 

Detection  and  Estimation  of  Antimony. 

456  When  a  small  quantity  of  an  antimony  compound  is 
heated  in  the  upper  reduction  zone  of  a  Bunsen  burner  on  a 
thread  of  asbestos  the  flame  becomes  of  a  bluish  tinge,  and 
when  a  small  porcelain  basin  filled  with   cold   water  is  held 
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above  it  a  brownish-black  deposit  of  metallic  antimony  is  found 
upon  the  basin,  and  this  is  but  slightly  attacked  by  cold  nitric 
acid,  and  is  insoluble  in  sodium  hypochlorite.  Arsenic  gives 
a  very  similar  reaction,  but  this  may  be  distinguished 
from  antimony  by  the  fact  that  during  the  reduction 
a  garlic-like  smell  of  arsenic  is  noticed,  and  that  the  metallic 
film  is  readily  soluble  in  sodium  hypochlorite.  If  an  antimony 
compound  is  heated  on  a  carbonised  match  a  brittle  metallic 
bead  is  obtained,  whilst  arsenic  is  completely  volatilised. 
Most  of  the  antimony  compounds  are  insoluble  in  water  but 
dissolve  in  hydrochloric  acid.  Those  which  do  not  thus  dissolve 
may  be  obtained  in  solution  by  fusion  with  potassium  carbonate 
and  saltpetre,  and  subsequent  solution  in  hydrochloric  acid. 
Sulphuretted  hydrogen  produces  in  acid  solutions  a  very 
characteristic  orange-red  coloured  precipitate  of  antimony 
trisulphide.  If  other  metals  precipitable  by  sulphuretted 
hydrogen  are  present,  the  mixed  sulphides,  after  washing,  are 
treated  with  ammonium  sulphide,  filtered,  and  the  filtrate 
acidified  with  hydrochloric  acid.  This  precipitate  may 
contain,  together  with  antimony,  the  sulphides  of  tin  and 
arsenic.  This  last  metal  is  removed  by  digesting  with  freshly 
prepared  solution  of  ammonium  carbonate,  and  washing  the 
residue  with  water.  This  is  then  brought  into  solution  by 
heating  with  hydrochloric  acid,  and  the  liquid  is  placed  in  a 
platinum  dish  containing  a  piece  of  zinc;  the  antimony  is 
deposited  upon  the  platinum  as  a  black  adherent  coating,  which 
is  readily  soluble  in  nitric  acid  and  can  then  be  identified 
as  antimony.  A  more  satisfactory  method  consists  in  dissolving 
the  mixed  sulphides  in  caustic  soda  and  a  few  drops  of  yellow 
ammonium  sulphide  and  then  boiling  with  sodium  peroxide, 
which  converts  the  metals  into  stannate,  antimonate,  and 
arsenate  respectively.  Tin  is  then  detected  by  boiling  with 
ammonium  chloride,  which  precipitates  stannic  hydroxide,  and 
arsenic  and  antimony  are  detected  in  the  acidified  filtrate  by 
Bunsen's  method  described  below.^  A  rapid  method  of  detection 
is  to  boil  the  sulphides  with  a  5  per  cent,  solution  of  sodium 
carbonate,  which  leaves  tin  sulphide  undissolved,  and  yields 
a  solution  which  deposits  antimony  sulphide  on  cooling,  whilst 
arsenic  sulphide  remains  dissolved  and  can  be  detected  as 
usual. ^ 

1  Walker,  Joum.  Chem.  Soc,  1903,  83,  184. 
■'  Materne,  Bull.  Soc.  chim.  Belg.,  1906,  20,  46. 
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Antimony  may  also  be  detected  by  means  of  Marsh's  test 
carried  out  as  described  under  arsenic  (Vol.  I.,  p.  710).  The  mirror 
obtained  is  deposited  much  closer  to  the  flame  than  that  of 
arsenic,  is  formed  at  a  lower  temperature,  does  not  yield  a 
crystalline  deposit  of  oxide  when  heated  in  the  air,  and  is  not 
soluble  in  sodium  hypochlorite.  When  the  gas  is  passed  into 
silver  nitrate  solution,  silver  antimonide  is  precipitated  (p.  973). 

Antimony  trichloride  gives  a  spark  spectrum  containing 
among  others  the  following  lines,  mentioned  in  order  of  their 
relative  brightness  (Lecoq  de  Boisbaudran) : 

a  6005         /3  5568         7  6130         8  6079 

Antimony  is  usually  estimated  graviinetrically  either  as 
the  sulphide  or  the  tetroxide.  In  the  first  case  it  is  obtained 
as  a  hydrated  precipitate,  which  may  also  contain  sulphur 
and  pentasulphide.  It  is  necessary,  therefore,  to  dry  this 
at  100°,  to  weigh  it,  and  to  bring  a  known  fraction  into  a 
porcelain  boat  contained  in  a  glass  tube.  Through  the  tube 
dry  carbon  dioxide  is  passed,  and  the  sulphide  is  heated,  the  pure 
anhydrous  trisulphide  remaining  behind.  The  sulphide  may 
also  be  oxidised  by  means  of  nitric  acid  and  the  residue  ignited 
and  weighed  as  tetroxide,  or  it  may  be  dissolved  in  a  large 
excess  of  sodium  sulphide,  potassium  cyanide  added,  and  the 
resulting  solution  electrolysed  and  the  metal  weighed.^ 
Antimony  is  also  frequently  estimated  volumetrically,  the 
trioxide,  in  presence  of  sodium  bicarbonate,  being  converted  by 
means  of  standard  iodine  solution  into  the  pentoxide,  or  the 
trichloride  being  converted  into  the  pentachloride  by  a  standard 
solution  of  sodium  bromate  in  presence  of  hydrochloric  acid.^ 

The  quantitative  separation  of  antimony  from  other  metals, 
with  the  exception  of  arsenic  and  tin,  does  not  exhibit  any 
difficulty.  Should  these  three  elements  be  present  together 
their  sulphides  must  be  first  converted  into  oxides  by  treatment 
with  nitric  acid,  and  these  fused  for  some  time  with  eight  times 
their  weight  of  caustic  soda.  The  cooled  mass  is  next  allowed 
to  soften  in  hot  water  until  the  sodium  metantimonate  has 
separated  out  as  a  white  powder,  and  then  one  volume  of 
alcohol  of  specific  gravity  0-83  is  added  for  every  three  volumes 
of  the  liquid.  After  standing  for  some  time  the  liquid  is  filtered 

'  Kohn  and  Barnes,  British  Assoc.  Reports,  1896,  244.  See  alao  Law  and 
Perkin,  Trans.  Faraday  Soc,  1905,  1,  262. 

2  Niasenson  and  Siedler,  Chem.  Zeit.,  1903,  27,  749;  Rowell,  J.  Soc.  Ohm. 
Iml.,  1906,  25,  1181. 
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and  the  precipitate  well  washed  with  dilute  alcohol,  to  which 
at  last  some  caustic  soda  is  added.  The  filtrate  contains  the 
stannate  and  arsenate,  whilst  the  whole  of  the  antimony  is  con- 
tained in  the  residue,  and  this  is  converted  in  the  usual  way 
into  the  sulphide  (H.  Rose).  A  more  rapid  method  of  separation 
depends  on  the  fact  that  in  presence  of  free  oxalic  acid  antimony 
is  precipitated  by  sulphuretted  hydrogen  as  the  sulphide, 
whereas  tin  remains  in  solution.^  Antimony  and  tin  can  also 
be  separated  electrolytically.''^ 

The  separation  of  antimony  from  arsenic,  which  had  previously 
been  difficult  and  unsatisfactory,  was  first  rendered  exact  by 
Bunsen.  The  moist  and  well-washed  mixture  of  sulphides 
obtained  by  precipitation  with  sulphuretted  hydrogen  is  dis- 
solved on  the  filter  in  an  excess  of  caustic  potash,  and  the 
diluted  solution  treated  with  chlorine  until  all  the  free  alkali  has 
combined.  The  excess  of  chlorine  is  then  got  rid  of  by  repeated 
evaporation  with  hydrochloric  acid,  the. solution  diluted,  and  this 
treated  with  a  freshly  prepared  solution  of  sulphuretted  hydrogen 
until  all  the  antimony  is  precipitated.  A  rapid  current  of  air  is 
then  passed  through  the  liquid  in  order  to  expel  the  excess  of 
sulphuretted  hydrogen,  and  the  precipitate  washed  first  with 
water,  then  with  alcohol,  and  at  last  repeatedly  with  carbon 
disulphide,  in  order  to  remove  free  sulphur.  After  drying  at 
110°,  pure  pentasulphide  of  antimony  remains,  and  this  is  after- 
wards weighed.  The  arsenic  in  the  filtrate  may  be  estimated 
by  subsequent  continued  treatment  with  sulphuretted  hydrogen 
when  the  pentasulphide  is  precipitated  and  treated  as  above 
described. 

A  still  simpler  method  of  effecting  this  separation  consists  in 
adding  ferrous  sulphate  or  chloride  to  a  solution  of  the  chlorides 
of  the  two  metals  in  hydrochloric  acid,  saturating  with  hydro- 
chloric acid  gas  and  distilling.  The  whole  of  the  arsenic  passes 
over  and  may  be  collected  in  dilute  hydrochloric  acid,  whilst  the 
antimony  remains  behind  and  may  be  precipitated  in  the  usual 
way  after  the  ferric  salt  has  been  reduced  to  the  ferrous  state.^ 

'  Clarke,  Ghem.  News,  1870,  21,  124  ;  Lesser,  Zeit.  anal.  Ghem.,  1888,  27, 
218;  Warren,  Ghem.  News,  1890,  62,  216;  Clark,  Joum.  Ghem.  Soc,  1892, 
61,  424;  Henz,  Zeit.  anorg.  Ghem.,  1903,  37,  1. 

■•^  See  Fischer,  Zeit.  anorg.  Ghem.,  1904,  42,  36.S,  where  the  literature  of  the 
subject  is  quoted.     Compare  Cohen  and  Morgan,  Analyst,  1909,  34,  3. 

3  Fischer,  Ber.,  1880,  13,  1778.  See  also  Piloty  and  Stock,  Ber.,  1897, 
30,  1649;  Beck  and  Fisher,  Ghem.  News,  1899,  80,  259,  where  a  critical 
discussion  of  the  various  methods  is  to  be  found. 
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Atomic  Weight. — The  methods  which  have  at  various 
times  been  employed  for  the  determination  of  the  atomic  weight 
of  antimony  have  led  to  somewhat  divergent  results.  The 
number  129,  which  was  obtained  by  Berzelius  by  the  oxidation 
of  the  metal  with  nitric  acid,  was  long  accepted  as  correct,  until 
Schneider's  experiments  ^  on  the  reduction  of  the  sulphide  proved 
that  120'55  was  nearer  the  truth.  Dexter^  then  found  the 
number  122'4  by  the  treatment  of  the  metal  and  trioxide  with 
nitric  acid,  the  resulting  oxide  being  converted  into  the  tetr- 
oxide  by  ignition.  This  was  confirmed  by  Kessler,*  who  adopted 
the  same  plan,  but  effected  the  oxidation  volumetrically  by 
means  of  an  acid  solution  of  potassium  chlorate,  and  by  Dumas,* 
who  analysed  the  trichloride.  On  the  other  hand,  a  very 
carefully  conducted  series  of  analyses  of  the  bromide  led 
Cooke  ^  to  the  number  11986.  The  electrolysis  of  the  chloride 
led  in  the  hands  of  Pfeififer"  and  of  Popper^  to  the  number 
121-2,  but  it  has  been  shown  that  the  method  applied  is  not 
accurate.* 

Finally,  a  series  of  determinations  made  by  Friend  and  Smith,' 
by  the  indirect  method  of  heating  potassium  antimony 
tartrate  in  hydrogen  chloride  and  weighing  the  potassium 
chloride  produced,  gave  the  number  120-34. 

The  value  at  present  (1913)  adopted  is  120-2. 


BISMUTH.     Bi  =  208*0. 

457  The  word  marcasite,  by  which,  up  to  recent  times,  the 
metal  bismuth  was  often  designated,  is  found  in  the  authors  of 
the  thirteenth  century.  Hence  it  has  been  supposed  that  this 
metal  was  known  at  that  time.  This  is,  however,  not  the  case, 
for  the  name  marcasite  had  in  those  days,  and  even  at  a  much 
later  period,  a  very  indefinite  meaning,  being  given  to  any  ore 
which  had  a  metallic  appearance,  and  especially  to  those  ores 
which  are  now  classed  as  pyrites. 

Bismuth  was  classed  by  Paracelsus  amongst  the  semi-metals. 

1  Poyg.  Ann.,  1856,  98,  -29.3.  2  Pogg.  Ann.,  1857,  100,  563. 

''  Pogg.  Ann.,  1861,  113,  145. 

'  Ann.  Ghim.  Phys.,  1859,  [3],  55,  129. 

■'  Amer.  J.  ScL,  1878,  15,  41,  107 ;  1880,  19,  382. 

«  Annalen,  1881,  209,  173.  ?  Annalen,  1886,  233,  153. 

8  Cohen  and  Strengers,  Proc.  K.  Akad.  Wetemch.  Amsterdam,  1903,  5,  543, 

'  ./,  Amer.  Chem.  Soc,  1901,  23,  502. 
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On  the  other  hand,  Agricola  mentions  liseimdum  or  plumbum 
cinereum  as  a  true  metal  which  is  usually  added  to  tin  in  order 
to  make  it  work  better.  Notwithstanding  this  clear  statement, 
it  was  subsequently  confounded  by  Libavius  with  antimony, 
and  by  Lemery  with  zinc.  Metallic  bismuth  was  moreover 
described  by  "  Basil  Valentine "  in  his  Last  Testament : 
"Antimonium  must  be  placed  between  tin  and  lead,  as 
bismuth  or  magnesia  is  placed  under  and  between  tin  and 
iron,"  and  he  also  states  that  "bismuth  or  marcasite  is  a 
bastard  jovis."  Pott,  in  1739,  was  the  first  to  make  us 
acquainted  with  the  special  properties  of  bismuth,  and  its 
reactions  were  exactly  studied  by  Bergman. 

Bismuth  is  a  comparatively  rare  metal.  It  is  found  chiefly 
in  the  native  condition,  but  also  as  the  oxide  or  bismuth  ochre, 
BijOg ;  less  frequently  it  occurs  as  bismuthite,  BijS,,  whilst  it 
is  found  still  more  sparingly  in  the  following  minerals  :  telluric 
bismuth  or  tetradymite,  Bi2(Te,S)3 ;  emplectite,  Cu2Bi.2S^ ;  bis- 
mutite,  3(BiO)2C03,2Bi(OH)3,3H20  ;  aikinite,  Bi2S3,2PbS,Cu2S  ; 
bismutosmaltite,  Co(As,Bi)2;  pucherite,  BiVO^;  eulytite  or 
bismuth  silicate,  Bi^(SiOJg,  &c.,  and  occurs  in  traces  in  the 
pyrites  of  Agordo.  Native  bismuth  is  sometimes  found  nearly 
pure.  Usually,  however,  it  contains  other  metals  alloyed  with 
it,  or  it  is  mixed  with  a  variety  of  ores.  Bismuth  is  found  in 
veins  traversing  gneiss  or  clayey  slate  in  Bolivia,  Saxony, 
Australia,  Szc,  and  is  usually  associated  with  ores  of  silver  and 
cobalt. 

458  The  Metalhtrgy  of  Bismuth. — Formerly  bismuth  was 
obtained  by  simply  heating  the  ore  in  sloping  iron  tubes.  In 
this  way  merely  that  portion  of  the  metal  present  in  the 
native  state  was  obtained,  and  this  only  in  a  very  incomplete 
manner.  The  residue  was  employed  in  the  manufacture 
of  smalt,  and  the  bismuth  again  extracted  from  the  cobalt 
speiss. 

At  the  present  day  the  liquation  process  has  been  superseded, 
except  for  the  treatment  of  ores  containing  native  bismuth,  by 
smelting  methods.  Oxidised  ores  may  be  treated  direct,  but 
sulphides  must  be  subjected  to  a  preliminary  roast.  Reduction 
is  carried  out  in  small  crucible  furnaces  or  in  reverberatory 
furnaces,  the  charge  being  made  up  of  ore,  carbon,  slag,  sodium 
carbonate,  limestone,  and  sometimes  fluorspar.  It  is  essential 
to  have  an  easily  fusible  slag  so  as  to  avoid  loss  by  volatilisation. 
The  products  of  this  operation  are  generally  crude  bismuth, 
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matte  or  speiss,  and  slag.  For  ores  carrying  sulphide  of  anti- 
mony and  arsenic  some  scrap  iron  is  added  to  the  charge  in 
addition  to  the  Huxes  already  mentioned. 

Bismuth  is  also  exti'acted  by  wet  methods  from  ores  and 
products  containing  the  oxide  and  carbonate.  These  are  first 
treated  with  hydrochloric  acid,  and  the  bismuth  is  afterwards 
precipitated  by  means  of  iron,  or  the  solution  is  largely  diluted 
with  water  in  order  to  precipitate  the  metal  as  oxychloride, 
which  is  collected,  dried,  and  reduced. 

The  crude  bismuth  thus  obtained  generally  contains  lead, 
antimony  and  arsenic,  besides  traces  ofiron,  cobalt,  nickel,  silver, 
and  sulphur,  anJ  is  subjected  to  a  refining  operation. 

The  bismuth  is  melted  in  small  iron  kettles  under  a  cover  of 
salt,  potassium  chloride,  caustic  soda  and  sufficient  oxychloride 
of  bismuth  to  take  up  the  lead,  which  must  be  got  rid  of  first. 
The  mass  must  be  constantly  stirred,  and  in  from  one  to  three 
hours  the  whole  of  the  lead  is  converted  into  chloride,  and  a 
corresponding  amount  of  bismuth  is  separated  from  the  oxy- 
chloride. Antimony  is  removed  in  the  same  way  with  a  flux  of 
soda,  potash  and  sulphur,  sodium  thioantimonate  being 
formed,  whilst  for  arsenic  the  flux  used  is  caustic  soda  and 
nitre.^  A  simple  liquation  process  is  often  used  for  refining 
crude  bismuth,  the  metal  being  melted  on  a  slightly  inclined 
iron  plate. 

The  composition  of  commercial  bismuth  is  seen  from  the 
following  table. 


Analyses  of  Commercial  Bistnuth. 


1 

1 

Saxon 

Bismuth  from 

Peruvian 

1 

Bismuth. 

Joachimsthal. 

Bismuth. 

Bismuth   . 

99-79 

99-32 

93-37 

Iron  .    . 

0-02 

trace    ) 
trace    j 

Copper     .    . 

003 

2-058 

Lead     . 

0-08 

0-30 

, 

Silver 

0-07 

0-38 



Antimony 
Tin   .    ..        . 

— 

=  I 

4-57 

Sulphur    .    .    . 

— 

— 

Borchers,  Mineral  Industry,  1899,  8,  62. 
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Bismuth  which  contains  1  or  more  per  cent,  of  lead  melts 
at  a  lower  temperature  than  pure  bismuth.  Such  an  impure 
metal  exhibits  on  cooling  the  peculiarity  that  the  solid  crust 
of  pure  crystallised  bismuth  is  seen  to  be  broken  through  by 
drops  of  a  liquid  alloy,  and  this  property  has  been  employed 
to  separate  bismuth  from  lead  (Matthey).  Silver  behaves  in  a 
similar  manner.  Commercial  bismuth  frequently  contains  small 
quantities  of  gold,  which,  along  with  silver,  may  be  removed  by 
melting  with  2  per  cent,  of  zinc  and  skimming  •  off  the  surface 
layer,  which  is  found  to  contain  the  precious  metals.^ 

When  bismuth  is  required  for  pharmaceutical  purposes  it  is 
necessary  to  separate  traces  of  arsenic  which  it  sometimes  con- 
tains. For  this  purpose  it  is  melted  with  nitre  or  other 
oxidising  agent,  or  fused  with  metallic  iron.  The  arsenic  is 
also  removed  when  the  molten  metal  is  well  stirred  and 
exposed  to  the  air,  any  antimony  being  simultaneously 
oxidised.^ 

Herapath,^  who  found  a  small  quantity  of  thallium  in  certain 
bismuth  preparations,  recommends  that  the  bismuth  salts 
which  are  to  be  employed  for  medicinal  purposes  should  be 
boiled  with  caustic  soda  solution,  the  residue  well  washed  with 
water,  dissolved  in  nitric  acid,  and  the  basic  nitrate  precipitated 
by  the  addition  of  an  excess  of  water.  From  this  the  other 
preparations  of  the  metal  can  be  obtained. 

In  order  to  prepare  chemically  pure  bismuth,  the  commer- 
cially pure  metal  is  dissolved  in  nitric  acid  and  evaporated 
with  hydrochloric  acid.  The  chloride  is  then  dissolved  in 
hydrochloric  acid  and  the  solution  mixed  with  alcohol,  which 
precipitates  the  greater  portion  of  the  lead  in  the  form  of 
chlorjde.  The  filtrate  is  poured  into  water  and  the  precipitated 
oxychloride  washed,  redissolved  in  hydrochloric  acid,  and  again 
precipitated  with  water,  this  process  being  frequently  repeated. 
The  oxychloride  is  then  again  dissolved  in  hydrochloric  acid 
and  precipitated  with  ammonia  and  ammonium  carbonate, 
this  operation  being  repeated  three  times,  after  which  it  is 
finally  reconverted  into  oxychloride,  and  the  latter  reduced  to 
metal  by  fusion  with  potassium  cyanide.  The  metal  thus 
obtained  still  contains  lead,  from  which  it  can  only  be  freed  by 
electrolysis.     For  this  purpose  it   is  dissolved   in   nitric   acid 

1  Matthey,  Prnr.  Roy.  Soc,  1887,  42,  89. 
-  Matthey,  Proc.  Roy.  Soc,  1893,  52,  46. 
•*  Pharmaceutical  Journal,  1863,  4,  302. 
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and  the  solution  slowly  electrolysed,  any  lead  being  deposited 
as  peroxide  on  the  positive  pole.  The  bismuth  is  then  finally 
fused  with  potassium  cyanide.^ 

459  Properties. — Bismuth  is  a  hard  brittle  metal,  having  a 
bright  metallic  lustre  and  a  greyish-white  colour,  with  a 
distinctly  reddish  tinge.  Its  specific  gravity  at  15°  is  9747  ;  it 
melts  at  270°  and  expands  in  the  act  of  solidification,  the 
specific  gravity  of  the  solid  at  the  temperature  of  the  melting 
point  being  9'673  and  that  of  the  liquid  10-004.2  Its  boiling 
point  lies  in  the  neighbourhood  of  1420°  (Greenwood),  and  it 
can  be  distilled  in  a  current  of  hydrogen.  The  vapour  density 
between  1600°  and  1700°  is  about  11,  a  number  which  is 
intermediate  between  the  values  corresponding  to  the  formulae 
Bi  and  'Ei^?  When  a  large  quantity  is  melted,  allowed  to  cool 
slowly  until  the  surface  begins  to  solidify,  the  crust  then 
broken,  and  the  liquid  metal  poured  out,  fine  large  crystals  are 
obtained.  These  are  obtuse  rhombohedra  which  have  the 
appearance  of  cubes  as  their  angles  approach  closely  to  90°. 
Acicular  needles  consisting  of  elongated  hexagonal  prisms  have 
also  been  observed.*  The  crystals  oxidise  in  the  air,  and 
frequently  become  covered  with  an  iridescent  film  of  oxide. 
The  same  colours  may  be  obtained  when  the  metal  is  melted  in 
the  air,  but  if  the  heat  be  continued,  the  metal  gradually 
becomes  altogether  converted  into  oxide ;  at  a  red-heat  steam 
is  slowly  decomposed  by  bismuth.  This  metal  combines  also 
directly  with  the  elements  of  the  chlorine  group  and  with 
sulphur ;  hydrochloric  and  sulphuric  acids  do  not  act  upon  it  in 
the  cold,  but  the  latter  acid  dissolves  it  on  heating  with  evolu- 
tion of  sulphur  dioxide.  Hydrochloric  acid  dissolves  it  in  the 
presence  of  dissolved  oxygen.  The  best  solvents  for  bismuth 
are  nitric  acid  and  aqua  regia,  both  of  which  dissolve  the 
metal  readily  in  the  cold. 

Bismuth  can  be  obtained  in  the  colloidal  form  by  reducing 
the  nitrate  by  stannous  chloride  in  the  presence  of  ammonia 
and  ammonium  citrate,^  or  the  oxychloride  by  hypophosphorous 
acid.^ 

Bismuth  serves  for  the  preparation  of  many  pharmaceutical 

1  Classen,  Ber.,  1890,  23,  940. 

'  Vicentini,  Journ.  Ckem.  ISoc,  1S91,  60,  518. 

'^  Meyer,  Ber.,  1889,  22,  726. 

■•  Heberdey,  Sitzungsber.  K.  Akad.   Wiev,  1895,  104,  i.  254. 

5  Lottermoser,  /.  jjr.  Ghem.,  1899,  [2],  59,  489. 

"  Gutbier  and  Hofmeier,  Zeit.  anorg.  Ohem.,  1905,  44,  225. 
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products  and  cosmetics,  and  is  also  employed  for  the  manu- 
facture of  alloys  of  low  melting  point,  and  in  the  construction 
of  thermopiles. 

Alloys  of  Bismuth. 

460  Bismuth  forms  a  number  of  alloys  of  low  melting  point, 
which  are  known  by  the  general  name  of  fusible  metal.  The 
temperature  of  the  melting  point  depends  on  the  proportion  of 
the  constituents  as  is  shown  in  the  following  table : 


Newton's 
Metal. 

Rose's 
Metal. 

Lichten- 
berg's 
Metal. 

Wood's 

Metal. 

4 

2 

1 
1 

Lipowitz. 

Bismuth  .... 
Lead    ... 
Tin  .        ... 
Cadmium     .    .    . 

8 
5 

3 

0 

2 
1 
1 

0 

5 
3 
2 
0 

15 

8 
4 
3 

Melting  point     . 

94-5° 

93-75° 

91-6° 

71° 

60' 

The  melting  point  can  be  still  further  lowered  by  the  addition 
of  mercury.  Fusible  metal  is  now  largely  used  for  stereotyping, 
obtaining  copies  of  wood-cuts,  &c.,  and  is  not  only  valuable  on 
account  of  its  low  melting  point,  but  also  because  it  expands 
considerably  in  the  act  of  solidification,  and  thus  gives  a  perfect 
cast ;  it  is  important  to  make  the  cast  when  the  metal  is  so 
far  cooled  that  it  is  beginning  to  be  viscid.  If  any  of  these 
liquid  alloys  be  poured  into  a  glass  vessel  this  flies  to  pieces 
when  the  metal  cools.  Bismuth  is  also  used  in  the  manufacture 
of  solder,  and  the  soldering  can  be  effected  under  hot  water 
when  a  few  drops  of  hydrochloric  acid  have  been  added.  Alloys 
of  lead,  tin,  and  bismuth  mixed  together  in  such  proportion  that 
the  mixture  fuses  at  some  particular  temperature  above  100° 
serve  as  safety-plugs  for  boilers  and  automatic  sprinklers.  Bis- 
muth alloys,  melting  at  a  given  temperature,  are  used  for 
tempering  steel ;  the  pencils  used  for  writing  on  the  so-called 
metallic  paper  likewise  consist  of  an  alloy  of  bismuth. 

Bismuth  in  very  small  quantities  renders  gold  and  silver 
brittle,  and  greatly  diminishes  the  conductivity  of  copper  for 
electricity. 
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Molten  bismuth,  to  which  0-05  per  cent,  of  tellurium  has  been 
added,  solidifies  to  a  minutely  crystalline  mass,  entirely  different 
in  appearance,  fracture,  &c.,  from  the  pure  metal. 

When  bismuth  is  treated  with  a  solution  of  sodium  in  liquid 
ammonia  a  compound  of  the  formula  BiNag  is  formed  as  a 
bluish-black  mass,  which  takes  fire  in  the  air,  and  decomposes 
water  with  evolution  of  hydrogen.^ 


COMPOUNDS  OF  BISMUTH. 

Bismuth  and  Oxygen. 

461  Only  two  well-defined  oxides  of  bismuth  are  known  : 
■  Bismuth  suboxide  or  dioxide,  BiO  or  BijOg. 
Bismuth  trioxide,  Bi^Og. 

The  suboxide  has  only  very  feeble  basic  properties,  whereas 
the  trioxide  is  a  well-marked  basic  oxide  and  corresponds  to  the 
stable  salts  of  bismuth  of  the  general  formula  BiR^g.  Higher 
oxides  are  formed  by  the  action  of  various  oxidising  agents  on 
the  trioxide,  to  which  the  formulae  Bi^O^  and  Bi^Oj  have  been 
ascribed,  but  no  satisfactory  experimental  evidence  of  the 
chemical  individuality  of  these  substances  has  as  yet  been 
obtained. 

Bismuth  Suboxide,  BiO. — The  question  as  to  the  existence  of 
an  oxide  of  this  composition  has  given  rise  to  much  discussion,^ 
but  the  experimental  evidence  renders  it  probable  that  the 
suboxide  is  a  definite  chemical  substance. 

The  suboxide  was  first  described  by  Berzelius.  It  is  best 
obtained  by  gently  heating  basic  bismuth  oxalate,  (BiO)2C204, 
in  absence  of  air  (Tanatar)  : 

(BiO)2CA  =  2BiO-h2C02, 

or  by  carefully  adding  an  alkaline  solution  of  stannous  hydroxide 
(1  mol.)  to  bismuth  hydroxide  (1  mol.)  suspended  in  dilute 
potash,  washing  the  suboxide  first  with  dilute  potash  in  absence 

1  Joannis,  Gompt.  rend.,  1892,  114,  585. 

^  Vanino  and  Treubert,  Ber.,  1898,  31,  1113,  2267  ;  1899,  32,  1072;  where 
the  older  literature  is  quoted.  See  also  Schneider,  J.  pr.  Ghem.,  1898,  [2],  58, 
562  ;  1899,  [2],  60,  524  ;  Tanatar,  Zeit.  anorg.  Ghem.,  1901,  27,  437  ;  Herzand 
Guttmann,  Zeit.  anorg.  Ghem.,  1907,  53,  63;  Vanino  and  Zurabusch,  Arch. 
Pharm.,  1910,  248,  665. 
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of  air  until  all  traces  of  stannic  oxide  are  removed,  then  washing 
with  water,  and  finally  drying  at  120°  in  a  current  of  carbon 
dioxide  (Schneider).  It  is  a  black  powder  which  is  stable  in 
the  air  and  has  the  specific  gravity  1-2,  this  being  considerably 
less  than  that  of  a  mixture  of  bismuth  and  its  oxide  having  the 
same  percentage  composition  as  the  suboxide  (8"9).  When 
heated  in  the  air  it  passes  into  the  trioxide  with  incandescence, 
and  in  absence  of  air  is  converted  into  a  mixture  of  bismuth 
and  bismuth  oxide. 

The  suboxide  is  converted  by  hydrochloric  acid  into  bismuth 
chloride,  which  dissolves,  and  insoluble  metallic  bismuth.  The 
heat  evolved  in  this  reaction  is  considerably  less  than  that 
produced  when  a  corresponding  amount  of  the  trioxide  is  dis- 
solved, and  this  affords  a  further  proof  of  the  individuality  of  the 
suboxide  (Tanatar).  It  reduces  Fehling's  solution  and  potassium 
permanganate,  and  is  converted  by  excess  of  alkaline  stannous 
chloride  into  metallic  bismuth. 

Bisviuth  Trioxide,  BijOg,  is  found  as  bismuth  ochre  in 
Cornwall,  Virginia,  Siberia,  and  Erzgebirge,  as  a  yellow  or 
greenish-grey  amorphous  mass  or  as  a  powder,  and  it  usually 
contains  ferric  oxide  and  other  impurities.  In  order  to  prepare  it 
artificially,  the  hydroxide,  carbonate,  or  nitrate  is  heated.  Thus 
obtained,  it  is  a  yellow  powder  having  a  specific  gravity  of  8'2. 
It  fuses  at  820°,  forming  a  brown  liquid,  and  when  this  is 
allowed  to  cool  the  solid  which  is  first  formed  passes  at  704" 
with  evolution  of  heat  into  a  second  modification,  which  forms  a 
yellow,  crystalline  mass.  When  fused  in  porcelain  a  third  form 
is  produced  which  crystallises  in  long,  yellow  needles  of  specific 
gravity  8"55.^  When  a  boiling  solution  of  a  bismuth  salt  is 
precipitated  with  potash  the  trioxide  is  obtained  in  micro- 
scopic needles,  and  if  this  be  melted  with  caustic  potash  the 
product  is  found  to  crystallise  in  rhombic  prisms.  When  the 
oxide  is  prepared  by  adding  potassium  cyanide  to  bismuth 
nitrate  solution,  boiling  and  heating  the  resulting  grey  powder 
in  the  air,  it  crystallises  in  tetrahedra  belonging  to  the  regular 
system.  It  is  therefore  isodimorphous  with  antimony  oxide.^ 
The  oxide  prepared  by  roasting  the  metal  appears  to  have  been 
employed  as  a  yellow  paint  in  Agricola's  times. 

Bismuth  trioxide  is  a  stronger  base  than  the  corresponding 
oxide  of  antimony,  and  forms  a  well-defined  series  of  salts,  which 

1  Giirtler,  Zeit.  anorg.  Chem.,  1903,  37,  222. 

2  Muir  and  Hutchinson,  Journ.  Cltem.  Sue,  1889,  55,  143. 
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are  characterised  by  the  ease  with  which  they  are  converted  by 
water  into  insoluble  basic  salts. 

Bismuth  Trihydroxide,  Bi(0H)3,  is  obtained  as  a  white,  amor- 
phous powder  by  precipitating  a  bismuth  salt  with  cold  caustic 
soda  or  ammonia.  It  is  soluble  in  caustic  potash  in  the 
presence  of  glycerol,^  and  when  precipitated  from  this  solution 
by  acids  is  free  from  basic  salts,  which  are  always  present  in 
the  hydroxide  prepared  by  precipitation  with  alkalis.^  When 
dried  at  100°  it  has  the  composition  Bi203,H20  or  BiO.OH. 

Higher  Oxides  of  Bismuth. — -When  a  current  of  chlorine  is 
passed  into  a  boiling  solution  of  caustic  potash  containing 
bismuth  hydroxide  in  suspension  a  red  powder  separates  out, 
which  contains  potassium  and  yields  chlorine  on  boiling  with 
hydrochloric  acid.  When  this  substance  is  treated  with  hot 
concentrated  nitric  acid,  a  scarlet-coloured  powder  remains 
which  has  frequently  been  regarded  as  bismuthic  acid,  HBiOg, 
and  from  this  compounds  described  as  bismuth  pentoxide, 
BigOj,  and  potassium  bismuthate,  KBiOg,  have  been  prepared, 
both  of  which  are  extremely  unstable.  Under  varying 
conditions  the  nature  of  the  products  obtained  in  this  reaction 
also  varies  and  substances  described  as  bismuth  tetroxidfi, 
Bi.jO^,  a  brown  powder,  and  the  dihydrate  of  this  oxide, 
Bi20^,2H20,  an  orange-yellow  powder,  have  also  been  prepared 
by  means  of  it.  Similar  highly  oxidised  products  are  formed 
by  the  electrolytic  oxidation  of  the  trioxide,  and  by  the  action 
of  persulphates,  of  hydrogen  peroxide,  and  of  potassium  ferri- 
cyanide  on  the  trioxide  in  the  presence  of  alkali.^  It  has 
however,  been  shown  by  Gutbier  and  Biinz*  that  none  of  these 
reactions  leads  in  any  case  to  a  definite  homogeneous  product. 
The  exact  nature  of  the  higher  oxidation  products  of  bismuth 
trioxide,  therefore,  remains  for  the  present  undetermined.  In 
their  colour  and  insolubility  in  nitric  acid  the  substances 
obtained  exhibit  an  analogy  with  lead  dioxide,  PbO.^. 

1  Lowe,  Zeit.  anal.  Chem.,  1883,  22,  498. 

2  Thibault,  J.  Pharm.,  1900,  [6],  12,  559. 

^  See  Deiohler,  Zeit.  anorg.  Ghem.,  1899,  20,  81,  where  a  critical  discussion 
of  the  earlier  literature  will  be  found.  Muir,  Journ.  Chem.  Soc,  1887,51, 
77 ;  HoUard,  Gompt.  rend.,  1903,  136,  229  ;  Hauser  and  Vanino,  Zeit.  anorg. 
Ghem.,  1904,  39,  381;  Aloy  and  Frebault,  Bull.  Soc.  chim.,  1906,  [3],  35, 
396;  Moser,  Zeit.  anorg.  Ghem.,  1906,  50,  33. 

'  Zeit.  anorg.  Ghem.,  1906,  48,  162,  294;  49,  432;  50,  210;  1907,  52, 
124  ;  Ghem.  Genir.,  1909,  i.,  732. 
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Bismuth  and  the  Halogens. 

462  Bismuth  Trifluoride,  BiFg,  is  obtained  as  a  white  powder 
by  dissolving  the  oxide  in  hydrofluoric  acid  and  evaporating  the 
solution.  An  oxyfluoride,  BiOF,  is  formed  when  the  acid  is 
completely  neutralised  by  the  oxide.  The  fluoride  forms  a  double 
salt  with  ammonium  fluoride,  BiF3,NH^F.^ 

Bismuth  Bichloride,  BiCla,  is  formed  when  a  slow  current  of 
chlorine  is  passed  over  the  fused  metal,  or  when  the  metal  is 
heated  with  calomel  to  250°  or  fused  with  the  trichloride.  It  is 
a  black,  crystalline,  slightly  volatile  mass,  which  when  heated 
decomposes  with  separation  of  a  portion  of  the  metal  and 
formation  of  the  trichloride.  Water  decomposes  it  with 
formation  of  metallic  bismuth  and  the  oxychloride,  BiOCl. 

Bismuth  Trichloride,  BiClg,  was  first  prepared  by  Boyle  ^  by 
heating  bismuth  with  corrosive  sublimate.  It  is  also  formed 
when  the  metal  is  burnt  in  a  stream  of  chlorine,  or  when  a  con- 
centrated solution  of  the  oxide  in  hydrochloric  acid  is  distilled, 
the  receiver  being  changed  after  all  the  water  has  come  over. 
Bismuth  trichloride  is  a  granular,  white  mass,  which  melts  at 
from  225°  to  230°,  boils  at  435°  to  441°,  and  yields  a  vapour 
having  the  normal  specific  gravity  of  11'35  (Jaquelain).  Heated 
in  a  current  of  hydrogen  it  is  reduced  to  dichloride.^  It  forms 
a  syrupy  liquid  when  dissolved  in  a  small  quantity  of  water, 
though  a  larger  quantity  of  water  decomposes  it,  with  formation 
oi  bismuth  oxychloride,  BiOCl,  which  is  thrown  down  as  a  pure 
white  powder,  insoluble  in  water,  though  readily  soluble  in 
acids.  It  separates  from  a  hot  acid  solution  in  tetragonal 
crystals*  of  the  sp.  gr.  7'717  at  15°,  and  is  decomposed  by 
excess  of  caustic  potash.^  Heated  in  the  air,  bismuth  oxy- 
chloride loses  chlorine  and  takes  up  oxygen,  but  in  absence 
of  air  it  becomes  yellow-coloured  and  fuses  without  decom- 
position. 

When  a  solution  of  the  oxide  in  an  excess  of  hydrochloric  acid 
is  evaporated,  fine  needle-shaped  crystals  are  deposited,  having 
the  composition  BiCl3,2HCl,  whilst  at  0°  a  saturated  solution 

'  Helmholt,  Zeit.  anorg.   Chem.,  1892,  3,  115  ;  see  also  Muir,  Hoffmeister 
and  Robbs,  Journ.  Chem.  Soc,  1881,  39,  33. 
^  Experiments  and  Considerations  Toiiching  Colours. 
^  Muir,  Journ.  Chem.  Soc.,  1876,  i.,  144. 
*  de  Schultea,  Byll.  Soc.  chim.,  1900,  [3],  23,  156. 
'  Herzand  Muha,  Zeit.  anorg.  Chem.,  1904,  39,  115. 
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of  the  two  deposits  crystals  of  the  compound  2BiCl3,HCl,3H20, 
which  are  stable  at  the  ordinary  temperature. ^  Bismuth 
trichloride  forms  double  salts  with  the  chlorides  of  the  alkali 
metals,^  and  with  many  organic  bases.  Ammonia  yields 
three  compounds — BiClg.SNHg,  a  very  volatile  colourless 
substance  ;  BiCi3,2NH3,  a  dirty-grey  non-volatile  mass  ;  and 
2BiCl3,NH3,  a  red,  crystalline  body.  They  combine  with  hydro- 
chloric acid  to  form  double  salts,  which  are  also  obtained  when 
ammonium  chloride  is  added  to  the  solution  of  bismuth  in  the 
right  proportion  and  the  mixture  evaporated.^  When  the 
dichloride  is  treated  with  chlorine  a  brownish-red  powder  is 
obtained  of  BigClg,  which  decomposes  on  heating  into  chlorine, 
trichloride,  and  dichloride. 

Bismuth  trichloride  combines  also  with  nitric  oxide  *  to  form 
the  yellow  compound  2BiCl3,NO,  and  with  nitrosyl  chloride  ^  to 
form  an  orange-coloured  powder,  BiClg.NOCl. 

Bismuth  Tribroniide,  BiBrg. — When  bromine  vapour  is 
passed  over  powdered  bismuth  an  energetic  reaction  takes  place 
and  a  red  liquid  volatilises.  This  cools  to  a  golden-yellow, 
glistening,  deliquescent,  crystalline  mass,  which  melts  at  210° 
and  boils  at  453°.  'Bismuth  tribromide  crystallises  from  ether 
in  prisms,  and  water  decomposes  it  into  the  white  insoluble 
oxybromide,  BiOBr.  It  forms  crystalline  double  salts  with  the 
bromides  of  the  alkali  metals,  and  with  ammonia  yields 
compounds  similar  to  those  of  the  chloride. 

If  the  tribromide  be  fused  with  bismuth  a  mass  of  brown, 
crystalline  needles  is  obtained,  probably  consisting  of  the 
dibromide.  This  is  decomposed  by  hydrochloric  acid  with 
separation  of  spongy  bismuth. 

Bismuth  Tri-iodide,  Bilg,  is  obtained  by  treating  the  powdered 
metal  with' iodine  and  heating  the  product;  by  precipitating 
a  bismuth  salt  with  potassium  iodide  solution,  dissolving  in 
hydriodic  acid  and  reprecipitating  with  water;  or  better,  by 
adding  bismuth  oxide  to  a  solution  of  iodine  in  stannous 
chloride  saturated  with  hydrochloric  acid.''  It  sublimes  in 
greyish-black,  metallic,  glistening,   six-sided  tablets,  which  are 

^  Engel,  Compt.  rend.,  1888,  106,  1797. 

'^  SeeBrigham,  Amer.   Ghem.  J.,  1892,  14,  164  ;  Field,  Joum.  Chem.  Soc, 
1893,  63,  546  ;  Aloy  and  Fr(ibault,  Bull.  Soc.  chim.,  1906,  [.3],  35,  396. 
■  Deh^rain,  Compt.  rend.,  1862,  54,  924. 
■^  Thomas,  Compt.  rend. ,  1895,  121,  128. 
'^  iSudborough,  Joum..  Chem.  Soc,  1891,  59,  662. 
«  Eirekenbach,  Ber.,  1907,  40,  1404. 
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not  decomposed  by  cold  water,  though  they  are  converted  by 
hot  water  into  an  insoluble  oxyiodide.  If  a  solution  of  the 
iodide  in  hydriodic  acid  be  evaporated,  rhombic  pyramids  of 
Bil3,HI,4H20  are  deposited.  Bismuth  iodide  forms  a  large 
number  of  double  salts.^ 

Bismuth  Oxyiodide,  BiOI,  is  obtained  by  decomposition  of  the 
tri-iodide  with  boiling  water,  or  by  heating  the  same  in  the  air,^ 
as  a  copper-red,  crystalline  mass,  which  can  be  sublimed  when 
heated  in  the  absence  of  air,  but  is  gradually  converted  in 
presence  of  air  into  a  crystalline  oxide. 

Bismuth  and  the  Elements  of  the  Sulphur  Group. 

463  Bismuth  Subsul^^hide,  BiS,  was  first  described  by  Werther  ^ 
and  Lagerjhelm  *  as  a  grey,  metallic,  lustrous  mass  of  needle- 
shaped  crystals,  obtained  by  fusing  bismuth  with  sulphur  and 
cooling  quickly,  but  this  contained  free  bismuth  and  the 
sulphide  Bi^Sg.  The  existence  of  the  same  compound  was 
deduced  by  Pelabon  ^  from  the  study  of  the  equilibrium  curve 
for  bismuth  and  sulphur  and  the  behaviour  of  these  two 
elements  in  the  presence  of  hydrogen,  but  Aten,**  employing  a 
similar  method  of  investigation,  found  no  evidence  of  the  forma- 
tion of  the  subsulphide  in  this  way. 

Bismuth  Trindphide,  BigSg,  occurs  as  bismuthite  in  rhombic 
crystals,  and  also  massive  with  a  foliated  or  fibrous  structure, 
and  a  specific  gravity  of  6-4<.  It  is  found  at  Brandy  Gill, 
Carrock  Fells  in  Cumberland,  at  Redruth  and  Botallack 
and  other  localities  in  Cornwall,  in  the  Erzgebirge,  in  Bolivia, 
and  in  other  places.  It  is  obtained  artificially  by  fusing  the 
metal  with  an  excess  of  sulphur,  or  by  precipitating  a  solution 
of  bismuth  chloride  with  sulphuretted  hydrogen  or  sodium 
thiosnlphate.  Thus  prepared  it  forms  a  blackish-brown  preci- 
pitate easily  soluble  in  nitric  acid  and  in  boiling  concentrated 

1  Niokles,  Compt.  rend.,  1860,  50,  872;  J.  Pharm.,  [.3J,  39,  116;  Linau, 
Pogy.  Ann.,  1860,111,  240;  Wells  and  Foote,  Amer.  J.  Sci.,  1897,  3,  461  ; 
Pfeiffer,  Zeit.  anorg.  Chem.,  1902,  31,  191. 

2  Compare  Dubrisay,  Compt.  rend.,  1909,  149,  451. 

■  J.  pr.  Chem.,  1842,  27,  65.  "  Schweiggers  Journ.,  1816,  17,  416. 

=  Ann.  Chim.  Phys.,  1902,  [7],  25,  365;  /.  CTwm.  phy^.,  1904,  2,  321; 
Compt.  rend.,  1903,  137,  648,  920. 

«  Zeit.  anorg.  Chem.,  1905,  47,  386  ;  compare  Schneider,  Pogg.  Ann.,  1856, 
97,  480;  Herzand  Guttraann,  Zeit.  anorg.  Chem.,  1907,  53,  63;  1908,  56, 
422. 
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hydrochloric  acid,  but  not  in  alkalis.  Its  solubility  in  pure 
water  has  been  found  by  the  conductivity  method  to  be 
0'35xlO"''  gram-molecules  (0'2  mgm.)  per  litre.  When  it  is 
heated  to  200°  in  a  solution  of  an  alkali  it  becomes  crystalline, 
assuming  the  form  of  bismuthite,  and  when  heated  in  the 
electric  furnace  yields  metallic  bismuth.^ 

The  amorphous  sulphide  dissolves  in  potassium  sulphide 
solution  and  very  sparingly  in  sodium  sulphide  solution,^  and 
forms  salts  of  the  formulae  Bi2S3,K2S  and  BigSgjNajS  when  it  is 
fused  with  sulphur  and  an  alkali  carbonate.* 

Bismuth  Oxysulphides. — The  compound  Bi^OgS  occurs  as  kare- 
lilinite  in  a  cr3'stalline  mass  having  a  strongly  metallic  lustre 
found  at  the  Savodinck  Mine  in  the  Altai.  If  a  mixture 
of  40  parts  of  sulphur  and  142  parts  of  bismuth  trioxide  are 
heated  to  dark  redness  a  grey,  crystalline  mass  of  Bi^OgS^  is 
formed. 

Bisnudh  Chlorosulphide,  BiSCl,  is  obtained  by  fusing  together 
in  the  air  1  part  of  sulphur  and  8  parts  of  ammonium  bismuth 
chloride,  or  by  heating  the  latter  compound  in  a  current  of  sul- 
phuretted hydrogen  (Schneider),  and  is  formed  also  when  the 
chloride  is  heated  in  dry  sulphuretted  hydrogen  or  the  sulphide 
in  dry  chlorine.  It  is  a  reddish-brown  solid  and  is  not  decom- 
posed by  water.  The  corresponding  sulphobromide  is  obtained 
in  a  similar  manner,  whereas  the  sulphiodide  can  be  prepared 
only  by  heating  bismuth  iodide  with  the  trisulphide.  All 
three  compounds  are  decomposed  by  sulphuretted  hydrogen  at  a 
bright  red  heat.* 

Bismuth  Trisulphate,  Bi2(SO^)3,  is  obtained  as  an  amorphous, 
white  mass  by  dissolving  the  metal  or  the  sulphide  in  concen- 
trated sulphuric  acid  and  evaporating.  This  salt  is  decomposed 
by  water  with  formation  of  the  basic  salt,  Bi2O3,SO3,2H20. 
When  this  is  heated  it  loses  water,  and  on  cooling  a  yellow  mass, 
consisting  of  BijOg.SOg,  is  obtained.  This  salt  is  also  obtained 
by  heating  the  other  sulphates.  Another  of  these  basic  salts 
has  the  composition  Bi203,2S03,3H20,  and  is  obtained  in  small 
needles  by  acting  upon  the  nitrate  with  sulphuric  acid.  Several 
other  basic   salts   have   also  been   described.*^      Concentrated 

1  Mourlot,  Oompt.  rend.,  1897,  124,  768. 

2  Ditte,  Oompt.  rend.,  1895,  120,  186.  See  also  J.  Amer.  Chem.  Soc,  1896, 
18,  683,  1091. 

^  Schneider,  Pogg.  Ann.,  1869,  136,  460. 

*  Mulr  and  Eagles,  Journ.  Chem.  Soc,  1895,  67,  90. 

=  See  Allan,  Amer.  Chem.  J.,  1902,  27,  284. 
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sulphuric  acid  yields  the  acid  salt,  Bi203,4S03,  several  hydrates 
of  which  have  been  obtained.^ 

Bismuth  TMosulphate. — Complex  thiosulphates  are  obtained 
by  the  addition  of  the  alkali  thiosulphates  to  bismuth  chloride 
solution.  The  potassium  salt,  K3Bi(S203)3,JH20,  is  sparingly 
soluble  in  water,  and  the  solution  rapidly  decomposes,  bismuth 
sulphide  being  deposited.  This  solution  does  not  react  with 
iodine.- 

464  Bismuth  Triselenide,  Bi2Se3,  is  obtained  by  fusing  the 
elements  together  as  a  metallic,  lustrous,  brittle,  crystalline 
mass,  having  a  specific  gravity  of  6"82,  which  is  attacked  only  by 
nitric  acid  and  aqua  regia. 

Bismuth  Tritelluricle,  Bi2Te3,  occurs  as  the  mineral  teti'ad^-mite, 
in  which  some  of  the  tellurium  is  replaced  by  sulphur.  It 
forms  pale  metallic  steel-grey  rhombohedra,  or  foliated  or 
granular  masses  having  a  specific  gravity  of  7'2  to  7'9.  Groth  ^ 
considers  this  mineral  to  be  an  isomorphous  mixture  of  the 
elements,  as  it  is  not  isomorphous  with  bismuthite,  Bi2S3,  and 
as  bismuth  and  tellurium  can  be  fused  together  in  all 
proportions. 

Several  other  bismuth  tellurides  of  varying  composition 
have  been  described,  some  of  which  occur  as  minerals. 
According  to  Monkemeyer*  only  one  stable  compound  of  these 
two  elements  exists ;  this  has  the  formula  Bi2Te3  and  melts  at 
573°. 

Bismuth  and  the  Elements  of  the  Nitrogen  Group. 

465  Bismuth  Nitride,  BiN,  is  formed  as  a  brown  precipitate 
when  bismuth  iodide  dissolved  in  liquid  ammonia  is  added  to  a 
solution  of  potassamide  in  the  same  solvent." 

Bismtcth  Trinitrate,  Bi(N03)3,5H20,  is  obtained  in  large 
transparent,  triclinic  prisms  by  dissolving  the  metal  in  nitric 
acid  and  evaporating  the  solution,  which  corrodes  paper,  and, 
must,  therefore,  be  filtered  through  asbestos  or  pounded  glass. 
The  crystals,  which   are  deliquescent,  are  decomposed  on  heat- 

1  Adie,  Proc.  Chem.  Soc,  1899,  15,  226. 

2  Carnot,  Compt.  rend.,  1876,  83,  338;  Hauser,  Zeil.  anorg.   Chem.,  1903, 
35,  1. 

^  Tabell.  Uebersicht  d.  Mineralien,  p.  12  (Braunschweig,  1882,  Vieweg). 
■•  Zeit.  anorg.  Chem.,  1905,  46,  415;  see  also  Gutbier,  ibid.,  1902,  31,  331. 
"  Franklin,  /.  Amer.  Chem.  Soc,  1905,  27,  820. 
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ing,  first  losing  their  water,  and  then  leaving  a  residue,  first  of 
basic  salt,  and  lastly  of  the  trioxide.  Hydrates  with  2  and 
IJHjO  also  exist.^ 

Bismuth  nitrate  is  isomorphous  with  the  nitrates  of  yttrium, 
lanthanum,  and  others  of  the  rare  earth  metals,^  and  forms 
double  salts  which  are  isomorphous  with  the  corresponding  salts 
of  the  rare  earths  and  have  been  utilised  in  the  fractional 
crystallisation  of  mixtures  of  these  (p.  778).^ 

When  hydrated  bismuth  nitrate  is  ground  with  mannitol  and 
water  added,  a  clear  solution  is  formed  which  is  not  precipitated 
on  dilution  and  serves  as  a  means  of  preparing  many  insoluble 
bismuth  salts  by  double  decomposition.* 

Basic  Bismuth  Nitrate,  Bi(OH).2N03. — Libavius  was  aware 
that  the  solution  of  bismuth  in  nitric  acid  is  precipitated  by 
water,  and  Lemery,  who  describes  the  preparation  of  this  com- 
pound, states  that  water  containing  common  salt  should  be 
employed  for  this  precipitation,  pure  water  precipitating  it, 
but  much  more  slowly ;  and  he  adds  that  the  product  obtained 
weighs  more  than  the  metal  employed.  The  reason  of  this,  he 
explains,  is  that  a  certain  quantity  of  spirit  of  nitre  remains 
behind,  even  if  the  precipitate  be  well  washed.  Boyle  states 
that  the  solution  of  bismuth  in  aqua-fortis  is  almost  completely 
precipitated  by  common  water.  In  spite  of  this,  many  chem- 
ists, looking  at  the  analogy  between  lead  and  bismuth,  believed 
that  salt  water  was  necessary  for  the  precipitation ;  indeed,  the 
substance  was  for  some  time  termed  horn-bismuth.  This  error 
was  definitely  rectified  by  Pott,  in  1739. 

Basic  nitrate  of  bismuth,  formerly  termed  magistery  of  Us- 
muth,  is  used  as  an  important  medicine,  and  many  different 
receipts  are  given  for  its  preparation.  According  to  the  method 
formerly  prescribed  in  the  British  Pharmacopoeia  (1874),  bismuth 
suhnitras  is  best  obtained  by  dissolving  2  parts  by  weight  of 
bismuth  in  a  mixture  of  4  parts  of  nitric  acid  of  specific  gravity 
1'42  with  3  parts  of  water.  The  clear  liquid  is  poured  off 
from  any  insoluble  matter  and  evaporated  to  the  point  at 
which  it  occupies  two  volumes,  and  this  is  then   poured  into 

1  van  Bemmelen  and  Rutten,  Proc.  K.  Akad.  Wetensch.  Amsterdam,  1900, 
3,  196. 

2  Bodman,  Ber.,  1898,  31,  1237;  Zeit.  anorg.  Chem.,  1901,  27,  254;  Zeit. 
Kryst.  Min.,  1902,  36,  192. 

^  Urbain,  Gompt.  rend.,  190.3,  137,  568  ;  /.  Chim.  phys.,  1906,  4,  105. 
^  Vanino  and  Hauser,   Zeit.   anory.   Chem.,  1901,  28,  210;  /.  pr.  Chem., 
1906,  [2],  74,  142. 


BASIC  BISMUTH   NITRATE  1013 

80  parts  of  distilled  water.  The  clear  liquid  is  then  decanted 
and  the  precipitate  well  stirred  up  with  80  parts  of  water, 
collected  on  a  filter,  and  dried  at  a  temperature  not  higher 
than  55°.  The  German  and  French  pharmacopceias  recom- 
mended somewhat  similar  processes.  In  all  these  methods 
a  considerable  quantity  of  bismuth  remains  in  solution,  and 
this  may  be  obtained,  as  the  hydroxide,  by  precipitating  with 
ammonia.  The  bismuth  is  completely  precipitated  when 
50,000  parts  of  water  are  present  to  one  of  the  nitrate.^ 

Basic  bismuth  nitrate  is  a  crystalline  powder  which  reddens 
moistened  litmus  paper.  Its  composition  varies  somewhat 
according  to  the  quantity  of  water  used  in  the  preparation,  and 
a  large  number  of  basic  salts  have  been  described,  the  conditions 
of  formation  and  existence  of  which  have  been  investigated  by 
van  Bemmelen  and  Rutten,^  by  Allan,^  and  by  de  Schulten.* 
When  washed  for  a  long  time  it  becomes  more  basic,  until  at  last 
the  hydroxide  is  left. 

Basic  bismuth  nitrate  is  largely  used  as  a  medicine  in  cases 
of  chronic  diarrhoea  and  cholera.  It  is,  moreover,  used  in  con- 
siderable quantities  as  a  cosmetic  ;  and  this  use  is  due  to  Lemery, 
who  recommends  it  for  softening  the  skin.  When  used  for 
this  purpose  it  was  first  termed  hlanc  d'Espagne,  which  name, 
however,  was  used  to  designate  many  other  white  pigments. 
Another  name  for  this  cosmetic  is  hlanc  de  fard. 

The  basic  nitrate,  as  well  as  the  oxide,  is  also  used  for  giving 
a  colourless,  iridescent  glaze  to  porcelain.  This  is  obtained  by 
rubbing  up  basic  nitrate  with  resin  and  gently  heating  the 
mixture  with  lavender  oil,  and  can  be  coloured  by  the  addition 
of  oxides,  such  as  oxide  of  chromium,  which  gives  to  it  a 
sulphur  or  lemon-yellow  colour.  With  addition  of  5  per  cent, 
of  gold  to  the  oxide  of  bismuth,  a  splendid  copper-red  colour 
with  a  reflected  golden  lustre  is  obtained.  When  a  smaller 
quantity  of  this  same  substance  is  employed  the  glaze  assumes 
a  violet  or  pure  blue  colour,  whilst  with  another  treatment  a 
rose-red  tint  is  obtained.  These  glazes  are  also  used  in  glass- 
staining. 

466  Bismuth  Orthophosphate,  BiPO^,  is  precipitated  when  solu- 
tions of  bismuth  nitrate  and  phosphoric  acid  are  brought  together 

1  Antony  and  Gigli,  Oazz.,  1898,  28,  i.,  245. 

^  Proc.  K.  Ahcbd.  Wetensch.  Amsterdam,  1900,  3,  196. 

•*  Amer.  Chem.  J.,  1901,  25,  307. 

•"  Bull.  Soc.  chim.,  1903,  [3],  29,  720. 
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in  presence  of  nitric  acid.  When  slowly  precipitated  by 
water  from  acid  solution  it  forms  microscopic  crystals  of  sp.  gr. 
6'323  at  15°  (de  Schulten).  In  the  same  way  an  insoluble  ^yra- 
phosphate,  Bi^{V^O^\,  is  prepared  with  pyrophosphoric  acid. 
When  the  oxide  and  phosphorus  pentoxide  are  fused  together, 
a  clear  glass  is  obtained,  which  on  slow  cooling  becomes  crystal- 
line, and  probably  consists  of  the  tetrametaphosphate. 

Bismuth  Arsenate,  Bi/As20j)3,  is  a  white  precipitate  insoluble 
in  water  and  nitric  acid,  but  soluble  in  hydrochloric  acid.  The 
ortho-ar senate,  BiAsO^,  forms  monoclinic  prisms  of  sp.  gr.  7'142 
at  ]  5°  (de  Schulten). 

Phosphorus  and  arsenic  do  not  readily  combine  with  bismuth. 
The  first  of  these  forms  a  compound  with  molten  bismuth, 
and  if  a  current  of  phosphine  be  passed  through  a  solu- 
tion of  bismuth,  a  black  phosphide  is  precipitated,  which, 
however,  decomposes  in  absence  of  air  into  its  elements.  An 
alloy  of  bismuth  and  arsenic  gives  up  the  whole  of  the  latter 
when  heated.  Arsine  produces  a  black  precipitate  in  bismuth 
solutions  which  behaves  in  a  precisely  similar  way. 

Bismuth  and  the  Elements  of  the  Carbon  Group. 

467  Basic  Bismuth  Carbonate,  2(BiO).2CO<j,H20,  is  obtained 
as  a  white  powder  when  ammonium  carbonate  is  poured  into  a 
solution  of  bismuth  nitrate  and  the  precipitate  dried  at  a  gentle 
heat.  It  is  employed  as  a  medicine.  At  100°  it  loses  water, 
and  when  more  strongly  heated  is  readily  converted  into  the 
trioxide. 

The  mineral  bismuthite  is  another  basic  carbonate, 
3(BiO)2C03,2Bi(OH)3,3H,0. 
This  is  found  at  Schneeberg,  at  Chesterfield,  South  Carolina, 
and  at  other  places,  together  with  bismuthores.     It  is  a  white 
or  siskin-green  earthy  mass,  and  sometimes  occurs  in  acicular 
pseudomorphous  crystals. 

Bis7nuth  Silicate,  Bi^(SiOj3,  is  found  as  eulytite  in  small, 
glistening  yellow  or  brown  regular  tetrahedra  and  occurs  in 
the  Erzgebirge  together  with  phosphates  of  iron  and  manganese. 

Detection  and  Estimation  of  Bismuth. 

468  When  a  bismuth  compound  is  heated  in  the  upper  reduc- 
ing flame  of  the  Bunsen  burner  on  an  asbestos  thread,  a  cold 
porcelain  dish,  held  above  it,  receives  a  brown  or  black  deposit 
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of  metallic   bismuth,  which  is  only  slowly  dissolved   by  cold 
dilute  nitric  acid.      A  brittle  metallic  bead  is  obtained  when  the 
compound  is  heated  on  the  carbonised  match,  and  this  dissolves 
in  nitric  acid,  yielding  a  brown   precipitate  of  bismuth  with 
excess  of  stannous  chloride  and  caustic  soda.     A  characteristic 
reaction   of  the   bismuth   salts   is    the    precipitation    of    the 
blackish-brown  sulphide  with  sulphuretted  hydrogen,  insoluble 
in  ammonium  sulphide,  and  easily  soluble  in  nitric  acid.      In 
addition  to  this,  water  produces,  in  solutions  which  are  not  too 
strongly  acid,  a  white  precipitate  of  an  insoluble  basic  salt,  and 
ammonia   throws   down  a  white  precipitate  of  the  hydroxide 
insoluble  in  excess.     These  reactions  serve  to  separate  bismuth 
from  other  metals,  as  well  as  to  detect  its  presence.     If  other 
metals  precipitable  by  sulphuretted  hydrogen  are  present,  the 
washed  precipitate  is  first  digested  with  ammonium  sulphide, 
in  order  to  separate   arsenic,  antimony,  and  tin.     The  preci- 
pitate is  then  well  washed,  dissolved  in  nitric  acid,  and  dilute 
sulphuric  acid  added  to  the  filtrate  to  separate  lead ;  the  preci- 
pitate is  filtered  off,  and  an  excess  of  ammonia  added  which  throws 
down  the  bismuth  as  the  hydroxide,  whilst  any  copper  or  cad- 
mium present  remains  in  solution.     The  precipitate  is  dissolved 
in  a  small  quantity  of  hydrochloric  acid,  the  liquid  concentrated 
by  evaporation,  and  added  to  a  large  quantity  of  water,  when 
the  insoluble  oxychloride  is  precipitated.     Care,  however,  must 
be  taken  that  the  whole  of  the  antimony  is  previously  removed 
by  a  long  digestion  of  the  sulphides  with  ammonium  sulphide, 
and  the  residue  well  washed  with  water,  for  otherwise  an  in- 
soluble oxychloride  of  antimony  may  be  precipitated,  and  this 
may  be  mistaken  for  bismuth. 

Bismuth  can  be  estimated  in  several  ways.  If  the  solu- 
tion contains  the  nitrate  only,  it  may  be  precipitated  with  am- 
monium carbonate,  heated  for  some  time  almost  to  boiling, 
filtered,  the  precipitate  dried  and  converted  by  ignition  into 
the  trioxide,  which  is  weighed.  If  other  acids  are  present,  the 
bismuth  is  precipitated  by  sulphuretted  hydrogen,  the  washed 
precipitate  dissolved  in  nitric  acid  and  treated  as  above ;  or  it 
may  be  dried,  any  excess  of  sulphur  got  rid  of  by  carbon  disul- 
phide,  and  the  residual  pure  sulphide  dried  at  100°  and  weighed. 
The  phosphate  may  also  be  precipitated  in  the  presence  of 
phosphoric  acid  or  dilute  nitric  acid,  ignited,  and  weighed.^ 
If  the  solution  of  the  nitrate  contains  only  a  small  quantity  of 
1  Ber.,  1905,  38,  3862,  3943. 
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free  acid  it  may  be  precipitated  with  potassium  dichromate,  or 
with  arsenic  acid,  and  the  precipitate  dried  and  weighed. 
Bismuth  may  also  be  estimated  as  the  metal  by  reduction  with 
potassium  cyanide.  The  metallic  mass  is  well  washed  with 
water  and  alcohol,  and  weighed  after  drying.  Bismuth  may 
also  be  separated  electrolytically  from  an  acid  solution  of  the 
nitrate  in  the  presence  of  alcohol,  glycerol,  or  acid  potassium 
sulphate.^ 

The,  Atomic  Weight  of  bismuth  has  been  determined  by 
several  chemists,  but  without  very  concordant  results.  In  1851 
Schneider,^  by  converting  the  metal  into  the  oxide,  obtained  the 
number  20805,  and  this  was  confirmed  in  1883  by  Lowe,^  who 
used  the  same  method  and  obtained  the  number  207 '8,  and  by 
Marignac,*  who,  in  1883,  found  the  atomic  weight  to  be  20816 
by  converting  the  oxide  into  the  sulphate.  Dumas,^  on  the 
other  hand,  in  1859,  hy  the  analysis  of  the  chloride,  obtained  the 
number  210"7,  which  is  certainly  too  high.  In  1890  Classen " 
made  a  series  of  nine  concordant  experiments  in  which  care- 
fully purified  bismuth  was  converted  into  the  oxide  and  found 
the  number  2089.  Schneider,  in  1894,'  repeated  his  experi- 
ments and  again  obtained  the  number  208'05.  The  older 
determinations  have  been  confirmed  by  the  results  obtained 
by  Gutbier*  and  his  co-workers,  who  obtained  the  values 
208^02 — 208-15  by  converting  the  metal  into  oxide,  reducing 
the  oxide  to  metal,  converting  the  metal  into  sulphate,  and 
determining  the  ratio  BiBrgiAgBr.  The  value  208'0  is 
therefore  (1913)  adopted. 

1  Compt.  rend.,  1900,  131,  179;  Zeit.  anorrj.  Chem.,  1901,  27,  1  ;  /.  Amer. 
Chem.  Soc,  1903,  25,  83. 

2  Fogg.  Ann.,  1851,  82,  303.  ■>  Zeit.  anal.  Chem.,  1883,  22,  498. 
^  Zeit.  anal.  Chem.,  1884,  23,  120. 

s  Ann.  Chim.  Phys.,  1859,  [3],  55,  177.  •■  Ber.,  1890,  23,  938. 

'  J.  pr.  Chem.,  1894,  56,  461. 

8  Zeit.  EleUrochem.,  1905,  11,  831  ;  J.  pr.  Chem.,  1908,  ii.,  77,  457;  ii. 
78,  409,  421.  See  also  the  Dissertations  (Erlangen)  of  Birckenbach,  1905 ; 
Mehler,  1905;  and  Janssen,  1906. 
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GROUP  VI. 


Sub-Groicp  (a).     Oxygen  and  the  Sulphur  Group. 

Oxygen. 
Sulphur. 
Selenium. 
Tellurium. 

Siih-Group  (b).     The  Chromium  Group. 

Chromium. 
Molybdenum. 
Tungsten. 
Uranium. 

469  In  this  group,  as  in  Groups  I,  II,  and  III,  the  elements 
may  be  divided  into  two  well-defined  sub-groups,  as  shown  in 
the  above  list,  the  sub-group  (a)  consisting  of  non-metallic 
elements,  while  those  in  the  sub-group  (6)  are  metals.  In  the 
strict  periodic  classification  oxygen  falls  in  the  even  series,  and 
therefoi-e  belongs  to  the  chromium  sub-group,  but  as  in  the  case 
of  glucinum  in  Group  II,  it  is  much  more  nearly  allied  to  the 
members  of  the  odd  series. 

Oxygen  is  gaseous  at  the  ordinary  temperature,  whilst  sul- 
phur, selenium,  and  tellurium  are  solids,  the  melting  and  boiling 
points  of  which  rise  with  increasing  atomic  weight.  The 
elements  of  the  chromium  group  are  fusible  only  at  very  high 
temperatures,  and  are  reduced  from  their  oxides  only  with  great 
difficulty. 

All  the  metals  unite  with  the  elements  of  the  oxygen  group 
to  form  oxides,  sulphides,  selenides,  and  tellurides ;  and  the 
different  series  of  compounds  thus  formed  present  strong 
analogies  among  themselves,  as  has  already  been  seen  in  the 
description  of  the  compounds  of  the  metals  of  the  previous 
groups.     The  analogy  which  exists  between  the   "  oxy-salts " 
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obtained  by  the  union  of  a  basic  and  acidic  oxide,  and  the  "  thio- 
salts''  formed  in  a  similar  manner  from  the  acidic  and  basic 
sulphides,  has  also  been  frequently  alluded  to. 

The  most  characteristic  compounds  formed  by  these  elements 
(with,  of  course,  the  exception  of  oxygen)  are  the  trioxides  and 
their  numerous  derivatives.  All  of  these  behave  as  acid-forming 
oxides,  and  give  rise  to  well-defined  series  of  compounds  having 
the  general  formula  M^.^W^O^,  in  which  M^  represents  hydrogen, 
or  a  monovalent  metal,  and  R^^  an  element  of  the  group  under 
consideration.  These  possess  strongly  marked  analogies  with 
each  other,  and  the  salts  of  the  same  metal  are  as  a  rule 
isomorphous.  These  oxides  also  form  salts  containing  from 
two  to  eight  equivalents  of  the  acidic  oxide  to  one  of  basic 
oxide,  such  as  the  disulphates,  M'20,2S03,  and  dichromates, 
M^O,2Cr03,  the  trichromates,  M^gOjSCrOg,  the  octotungstates, 
M'P.SWOg,  &c. 

The  constitution  of  the  normal  acids  corresponding  to  the 

.OH 
trioxides  is  represented  by  the  formula  OjR^  ^         ,  and  the 

\0H 
hydroxyl  groups  in  these  acids  may  be  replaced  by  negative 
radicals  such  as  the  halogens.  The  compounds  thus  formed 
from  the  elements  of  lower  atomic  weight,  such  as  sulphur  and 
chromium,  are  acidic  chlorides,  and  are  at  once  decomposed 
by  water  with  formation  of  the  acid ;  but  as  the  atomic  weight 
of  the  element  increases,  the  basicity  of  the  radical  W^O^  also 
increases,  and  the  compounds  become  more  stable,  -until  in  the 
case  of  uranium,  the  compounds  formed  by  negative  radicals 
with  the  group  UOg  constitute  the  most  stable  series  of  salts  of 
that  metal. 

The  elements  of  this  group  also  form  other  oxides  containing 
a  less  amount  of  oxygen  than  the  trioxide ;  in  the  case  of  sulphur, 
selenium,  and  tellurium,  these  oxides  (RO^)  are  acidic  or  neutral, 
whilst  with  the  metals  of  the  chromium  group  (RO,  R2O3  and  ROg) 
they  are  usually  basic,  and  give  rise  to  series  of  salts  which  often 
have  strong  reducing  properties,  owing  to  their  tendency  to  unite 
with  oxygen,  forming  derivatives  of  the  trioxide. 

The  elements  of  sub-group  (a)  combine  with  hydrogen  and 
the  alkyl  radicals  forming  volatile  compounds,  but  no  similar 
derivatives  have  been  obtained  from  the  elements  of  sub- 
group (b). 

Oxygen  is  divalent  in  almost  all  of  its  compounds,  but  po.s- 
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sibly  sometimes  acts  as  a  tetrad.  The  remaining  elements  are, 
as  stated  above,  hexavalent  in  their  most  characteristic  oxygen 
compounds,  but  the  valency  in  their  other  compounds,  especially 
with  the  halogens,  varies  very  considerably ;  the  elements 
sulphur,  selenium,  and  tellurium  are  always  divalent  towards 
hydrogen  and  the  alkyl  radicals,  and  usually  either  di-,  tetra-,  or 
hexa-valent  in  their  other  compounds,  but  no  such  regularity  is 
observed  in  sub-group  (b). 

The  compounds  of  oxygen,  sulphur,  selenium,  and  tellurium 
have  already  been  described  in  Vol.  I. 


CHROMIUM.     Cr  =  520. 

470  In  1762  Lehmann,  in  a  letter  to  Buffon,  "  de  nova  minerae 
plumbi  specie  crystalline  rubra,"  described  a  new  mineral  from 
Siberia,  now  termed  crocoisite  or  lead  chromate.  Vauquelin 
and  Macquart  investigated  the  composition  of  this  mineral  in 
1789,  and  came  to  the  conclusion  that  it  contained  lead,  iron, 
alumina,  and  a  large  quantity  of  oxygen.  However,  when  the 
former  chemist  re-investigated  the  subject  in  1797,  he  found 
that  the  lead  present  was  combined  with  a  peculiar  acid,  which 
he  recognised  as  the  oxide  of  a  new  metal.  To  this  the  name 
of  chromium  was  given,  because  its  compounds  are  usually 
coloured  (from  ')(^pwfia,  colour).  The  discovery  of  this  new 
metal  in  crocoisite  was  also  made  simultaneously  and  independ- 
ently by  Klaproth. 

Chromium  is  not  a  very  common  substance,  and  does  not  occur 
in  the  free  state.  It  is  found  in  several  other  minerals  besides 
crocoisite  or  lead  chromate,  PbCr04,  especially  as  chrome  iron 
stone  or  chromite,  FeO.CrjOg,  a  mineral  which  is  the  chief  ore  of 
chromium  and  is  the  one  usually  employed  for  the  manufacture 
of  the  chromium  compounds.  Chromitite,  Fe203,Cr203,  occurs 
as  minute  shining  crystals  in  the  sand  of  some  of  the  streams 
descending  from  the  Kopanik  Mountains,  Servia.'  Chromium 
also  forms  the  colouring  matter  of  several  minerals ;  thus  the 
green  colour  of  emerald,  as  was  shown  by  Vauquelin,  is  due  to 
chromium  ;  whilst  serpentine,  pennine,  chromic  mica  or  fuchsite, 
possibly  sapphire,^  and  other  minerals  owe  their  colour  to  the 
same  metal. 

1  Jovitachitsch,  Monatsh.,  1909,  30,  39. 

2  Duboin,  Ber.,  1898,  31,  1977. 
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Metallic  chromium  is  obtained  by  the  reduction  of  the  oxide 
or  chloride  ;  thus  Deville  obtained  it  by  strongly  heating  the 
oxide  with  sugar  charcoal  in  a  lime  crucible/  and  Wohler  by 
heating  chromic  chloride  with  zinc  under  a  layer  of  sodium 
chloride,  and  treating  the  alloy  of  zinc  and  chromium  thus 
obtained  with  nitric  acid ;  ^  it  then  forms  a  grey  powder 
consisting  of  minute  octahedra.®  Jager  and  Kriiss  obtained 
the  pure  metal  by  this  process  in  tin-white  rhombohedra.* 
Magnesium  and  sodium  have  also  been  employed  in  place  of 
metallic  zinc,  the  first  of  these  being  specially  suitable  for  a 
laboratory  preparation.  Another  method  of  preparation  is 
that  of  Moissan,^  which  consists  in  heating  a  mixture  of 
chromium  sesquioxide  and  carbon  in  the  electric  furnace ;  the 
first  product  contains  large  quantities  of  carbon,  which  is 
removed  by  first  heating  strongly  with  lime,  when  the  greater 
part  of  the  carbon  is  converted  into  calcium  carbide,  and  then 
eliminating  the  remainder  by  fusing  the  purified  product  in  a 
crucible  brasqued  with  the  double  oxide  of  calcium  and 
chromium. 

Metallic  chromium  is  easily  prepared  from  chromic  oxide 
by  the  "  thermite  "  process  (p.  716),  which  consists  in  mixing 
finely-divided  aluminium  with  chromic  oxide  in  equivalent 
proportions  and  igniting  the  mixture.*  The  following  reaction 
takes  place : 

Cr203-F2Al  =  2Cr-|-Al203. 

When  once  started  the  reduction  proceeds  rapidly  with  great 
evolution  of  heat,  and  produces  a  fused  mass  of  metallic 
chromium  of  considerable  purity.  This  is  shown  by  the 
following  analysis :  ^ 

Cr  99-55,  Fe  0-14,  Si  0-31. 

Large  quantities  of  chromium  are  now  used  in  the  form  of 
ferro-chrome,  manufactured  by  the  reduction  of  chromite  in 
the  electric  furnace  or  by  means  of  aluminium  ;  these  ferro- 
chromes  generally  contain  between  60  and  70  per  cent,  of 
chromium.    Chromium  has  also  been  prepared  by  the  electrolysis 

1  Gmnpt.  rend.,  1857,  44,  673.  2  Annalen,  1859,  HI,  230. 

"  Prinz,  Compt.  rmd.,  1893,  116,  392.  "  Ber.,  1889,  22,  2052. 

=  Gompt.  reiid.,  1893,  116,  349;  1894,  119,  185;  Ann.   Chim.  Phys.,  1896. 
[7],  8,  559. 
'■  /.  8oc.  Ohem.  Ind.,  1898,  17,  543. 
'  /.  Iron  Steel  Inst.,  1902,  1,  185. 
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of  a  warm  solution  of  chromic  chloride  or  of  a  cold  solution 
acidified  with  hydrochloric  acid,  and  is  thus  obtained  as  a  bright 
silver-white  deposit.^  It  can  also  be  deposited  from  the  violet 
solutions  of  chrome  alum,  but  not  from  the  green  solutions. 

Pure  chromium  is  somewhat  harder  than  glass,  and  has  a 
melting  point  considerably  higher  than  that  of  platinum, 
whilst  if  it  contains  1'5 — 3  per  cent,  of  carbon  it  melts  at  a 
lower  temperature,  but  can  be  cut  only  by  the  diamond.  It 
may  be  distilled  in  the  electric  furnace.^  The  polished  metal 
resembles  iron,  but  is  brighter  and  has  a  somewhat  whiter 
colour  :  it  has  a  specific  gravity  of  6'92  at  20°,  a  specific  heat  of 
0'1216,  and  burns  when  heated  in  the  oxy-hydrogen  flame  more 
brilliantly  than  iron.  It  is  attacked  slowly  in  the  cold  and 
rapidly  on  heating  by  dilute  hydrochloric  acid,  and  also  dis- 
solves slowly  in  dilute  sulphuric  and  nitric  acids.  With  con- 
centrated sulphuric  acid  it  evolves  sulphur  dioxide,  with  form- 
ation of  a  deep-coloured  solution,  but  it  is  unaffected  by  hot 
concentrated  nitric  acid.  Chromium,  like  iron,  has  been  found 
to  exist  in  a  "  passive  "  state.^ 

471  Chromium  Amalgams. — When  a  strong  hydrochloric  acid 
solution  of  chromic  chloride  is  electrolysed  with  a  powerful 
current,  using  a  mercurj'  cathode  and  a  platinum  anode,  a  solid 
chromium  amalgam  is  obtained,  having  the  composition  HggCr. 
Under  a  pressure  of  200  kilos,  to  the  square  cm.  this  loses 
mercury,  yielding  an  amalgam  of  the  composition  HgCr.  When 
either  of  these  amalgams  is  heated  in  a  vacuum  at  300°, 
the  whole  of  the  mercury  is  driven  off,  leaving  the  chromium  as 
a  powder,  which  is  pyrophoric  at  the  ordinary  temperature,  and 
also  combines  with  nitrogen  on  heating.* 

'  Cowper-Coles,  Chem.  News,  1900,  81,  16;  Vkvke,  Bidl.  Soc.  chim.,  1901, 
[3],  25,  617;  Carveth  and  Molt,  /.  Physical  Chem.,  1905,  9,  231,  353  :  Zeit. 
Elelctrochem. ,  1906,  12,  329. 

2  Moissan,  Compt.  rend.,  1906,  142,  425. 

■'  Hittorf,  Zeit.  physikal.  Chem.,  1898,  25,  729  ;  1899,  30,  481  ;  Ostwald, 
Zeit.  physikal.  Chem.,  1900,  35,  33,  204 ;  Morgan  and  Duff,  J.  Amer.  Chem., 
Soc.,  1900,  22,  331  ;  Brauer,  Zeit.  physikal.  Chem.,  1901,  38,  441  ;  Diiring, 
/.  pr.  Chem.,  1902,  [2],  66,  65  ;  Bernoulli,  Physikal.  Zeit.,  1904,  5,  632. 

^  F6rte,  Compt.  rend.,  1895,  121,  822. 
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COMPOUNDS  OF  CHROMIUM. 

Chromium  and  Oxygen. 

472  Chromium  combines  with  oxygen  to  form  the  well- 
defined  oxides,  chromium  sesquioxide,  CrgOg,  and  chromium 
trioxide,  CrOj.  The  former  is  a  basic  oxide,  corresponding  to 
the  chief  series  of  chromium  salts,  in  which  the  metal  is 
trivalent ;  whilst  the  latter  is  an  acidic  oxide,  which  combines 
with  water  to  form  chromic  acid,  HgCrO^,  the  salts  of  which 
resemble  the  corresponding  sulphates,  selenates,  and  tellurates, 
and  are  frequently  isomorphous  with  them. 

In  addition  to  these,  chromium  monoxide,  CrO,  and  the 
corresponding  hydroxide  have  been  prepared,  and  the  latter 
yields  with  acids  the  chromous  salts,  in  which  the  metal  is 
divalent.  A  number  of  other  oxides  have  been  described  which 
may  be  regarded  as  formed  by  the  combination  of  one  or  other 
of  the  basic  oxides  with  the  acidic  trioxide ;  the  best  defined  of 
these  is  that  frequently  termed  chromium  dioxide,  which  has 
really  the  constitution  Cr203.Cr03  =  3Cr02,  and  will  be  described 
with  the  other  chromates. 

Chromium  Monoxide,  CrO. — An  oxide  of  this  composition  is 
obtained  as  a  black  powder  by  the  oxidation  of  chromium 
amalgam  by  exposure  to  air.  When  heated  in  air  or  when 
struck  with  a  hammer  it  inflames  and  burns  to  the  sesqui- 
oxide. It  is  insoluble  in  nitric  acid,  but  dissolves  in  hydro- 
chloric acid  with  liberation  of  hydrogen  and  formation  of 
chromous  and  chromic  chlorides.^ 

Ghromoits  Hydroxide,  Cr(0H)2,  is  formed  by  the  action  of 
aqueous  potash,  freed  from  air,  on  chromous  chloride  solution,  as 
a  brownish-yellow  precipitate,  which  is  readily  oxidised  with 
evolution  of  hydrogen,  and  on  drying  in  absence  of  air  has  a 
dark  brown  colour.  On  ignition  it  yields  water,  hydrogen,  and 
chromium  sesquioxide : 

2Cr(OH)2  =.  CrPe  -|-  Hp  +  H^. 

Chromium  Sesqtdoxide,  or  Chromic  Oxide,  CrgOg,  occurs  in  the 
hydrated  form  as  chrome  ochre,  and  is  obtained  artificially  as  a 
dull  green  amorphous  powder  by  igniting  the  hydroxide,  or  by 
heating  a  mixture  of  potassium  dichromate  with  sulphur  or 

'  V&vlin,  Bull.  80c.  chim.,  1901,  [3],  25,  619. 
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ammonium  chloride,  and  lixiviating  the  residue.  The  colour  of  the 
oxide  prepared  by  gently  igniting  mercurous  chromate,  HgjCrO^, 
in  a  covered  crucible  is  a  very  fine  green.  It  melts  at  the  tem- 
perature of  the  oxy-hydrogen  blowpipe,  solidifying  to  a  crystal- 
line, almost  black  mass.  Chromic  oxide  is  also  obtained  in  the 
crystalline  state  by  fusing  the  amorphous  substance  with  calcium 
carbonate  and  boron  trioxide,  or  by  ignition  in  a  stream  of  oxygen. 
Wohler's^  method  of  preparing  crystalline  chromic  oxide  consists 
in  passing  the  vapour  of  chromyl  dichloride,  CrOjClg,  through  a 
red-hot  tube,  when  chromic  oxide  is  deposited  in  dark-green, 
lustrous,  very  hard,  hexagonal  crystals,  which  have  a  specific 
gravity  of  5'21.  Another  method  consists  in  heating  potassium 
dichromate  either  alone  or,  better,  mixed  with  common  salt ;  the 
ignited  mass  is  dissolved  in  water,  when  chromic  oxide  remains 
in  bright  iridescent  spangles,  which  have  a  specific  gravity 
of  5-01.2 

The  strongly  ignited  oxide  is  almost  insoluble  in  acids,  and  in 
order  to  bring  it  into  solution  it  must  either  be  heated  for 
a  long  time  with  strong  sulphuric  acid,  or  fused  with  acid 
potassium  sulphate.  Chromic  oxide  is  used  in  the  preparation 
of  coloured  glass,  enamels,  and  porcelain,  imparting  to  them  a 
fine  green  tint.  It  is  also  used  in  ordinary  painting,  forming 
one  of  the  most  permanent  greens,  known  as  chrome-green. 

Chromic  Hydroxides. — Several  modifications  of  chromic  hydr- 
oxide are  known;  the  first,  which  reacts  directly  with  three 
equivalents  of  acid  forming  the  normal  chromic  salts,  is 
obtained  by  the  action  of  alkalis  on  cold  solutions  of  violet 
chromic  salts,  and  has  probably  the  constitution  Cr(0H)3.  It 
is  best  prepared  by  adding  ammonia  to  a  solution  of  a  violet 
chromic  salt  free  from  alkali,  and  forms  a  pale  blue  precipitate, 
which,  after  drying  over  sulphuric  acid,  has  the  composition 
Cr(OH)g,2H20.  When  heated  in  a  current  of  hydrogen  at 
200°  it  jdelds  the  hydroxide,  CrO(OH),  which  occurs  mixed 
with  clay  as  chrome  ochre  or  wolchonskoite  ;  at  a  red  heat  this 
commences  to  glow  strongly  and  passes  into  chromic  oxide.  A 
hydroxide  of  this  composition,  or  Cr203,H20,  has  also  been 
obtained  as  a  brown  substance  by  the  electrolysis  of  neutral 
solutions  of  chromic  chloride.^     Another  hydroxide,  which  has 

1  Annalen,  1846,  60,  20.3. 

2  Schroder,  Pogg.  Ann.,  1859,  106,  226;  107,  113  ;  see  also  DiUe,  Compt. 
re.nd.,  1902,  134,  336. 

'  F(5rte,  BvJX.  Soc.  chim.,  1901,  [.3],  25,  620. 
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probably  the  constitution  Cr20(0H)^,  is  obtained  by  dissolving 
the  first-named  hydroxide  in  caustic  soda  and  reprecipitating 
with  hydrochloric  acid,  and  is  also  formed  by  the  action  of  alkalis 
on  the  green  chromic  salts  of  oxy-acids  (p.  1046) ;  when  treated 
with  acids  it  reacts  with  only  two  equivalents  of  the  latter, 
yielding  the  above  green  salts,  which,  however,  on  standing  with 
acid  gradually  combine  with  it,  forming  the  normal  violet  salts. 
Another  hydroxide  which  also  reacts  with  only  two  equivalents 
of  acid  is  formed,  according  to  Recoura,  by  the  action  of  alkalis 
on  the  chromic  oxychloride  obtained  by  oxidation  of  chronious 
chloride  solution.  It  differs  from  the  foregoing  in  the  amount 
of  heat  evolved  by  the  action  of  two  equivalents  of  acid.^ 

Guignet's  Green  is  obtained  by  fusing  together  potassium 
dichromate  and  crystallised  boric  acid  in  equal  molecular 
proportions  and  lixiviating  the  fused  mass  with  water.  The 
residue  after  grinding  is  a  fine  green  powder,  and  is  largely  used 
as  a  pigment.  It  is  usually  described  as  having  the  composition 
Cr20(0H)^,  but  it  always  contains  boric  acid,  and  may  possibly 
have  the  composition  3Cr203,B203,4H20. 

Colloidal  Chromic  Hydroxide. — Freshly  precipitated  and 
washed  chromic  hydroxide  dissolves  in  chromic  chloride,  and 
on  dialysing  this  solution  Graham  obtained  a  liquid  containing 
.33  molecules  of  Cr^Og  to  one  of  HCl.  The  dark  green  solution 
does  not  undergo  change  on  boiling  or  dilution,  but  at  once 
coagulates  on  addition  of  the  smallest  quantity  of  a  salt.^  The 
precipitated  colloid  has  no  constant  composition  between  15° 
and  280°.3 

Chromites. — Like  alumina,  chromic  oxide  acts  as  an  acidic 
oxide  towards  strong  bases,  yielding  salts  termed  the  chromites. 
Thus  a  green  compound  of  chromic  oxide  with  an  alkali  is  thrown 
down  on  the  addition  of  potash  or  soda  to  a  solution  of  a  chromic 
salt,  and  the  alkali  cannot  be  removed  even  by  boiling  water. 
This  precipitate  is,  however,  easily  soluble  in  an  excess  of  the 
precipitant,  but  can  be  again  thrown  down  either  by  partial 
neutralisation  with  acids  or  by  boiling  the  solution.  When 
caustic  soda  is  added  to  a  solution  of  a  chromic  salt  and  a  salt 
of  magnesium,  a  precipitate  is  obtained  of  a  compound  of 
magnesia  and  chromic  oxide  which  does  not  dissolve  in  an 
excess  of  alkali. 

'  Ann.  Chim.  Pliys.,  1887,  [6],  10,  60. 

2  Graham,  Phil.  Trans.,  1861,  151,  183. 

^  van  Bemmelen,  Rec.  trav.  chim.,  1887,  7,  114. 
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The  chromites  may  be  obtained  also  by  the  action  of  boiling 
aqueous  alkalis  on  the  corresponding  sulphochromites  (p.  1048). 

Zinc  Chromite,  ZnCrgO^,  is  obtained  by  fusing  the  two  oxides 
with  boron  trioxide  at  a  white  heat,  when  blackish -green 
octahedra  having  a  specific  gravity  of  5309  are  obtained. 

Manganese  Chromite,  MnCr^O^,  is  obtained  in  a  similar  way, 
and  forms  very  hard  iron-grey  octahedra,  which  have  a  specific 
gravity  of  4"87. 

Ferrous  Chromite,  FeCrgO^. — -This  occurs  in  nature  as  chromite 
or  chrome  iron  ore.  It  is  rarely  found  crystallised  in  regular 
octahedra,  generally  occurring  massive,  with  a  granular  crys- 
talline fracture.  Alumina  and  magnesia  occur  frequently  as 
isomorphous  constituents,  and  in  some  cases  chromite  contains 
mote  iron  than  corresponds  to  the  above  formula,  the  compo- 
sition approximating  to  FegCr^OgjFegCr^Og.^  Chrome  iron  ore 
is  found  in  the  Shetland  Islands,  Norway,  the  United  States, 
Hungary,  Greece,  Asia  Minor,  in  the  Urals,  and  in  New 
Caledonia. 

Chromium  Trioxide,  Chromic  Acid,  and  the  Chromates. 

473  When  chromic  oxide  is  heated  to  redness  with  an  alkali 
in  presence  of  air  or  with  addition  of  an  oxidising  agent  such  as 
nitre,  potassium  chlorate,  &c.,  a  yellow  soluble  mass  is  obtained, 
consisting  of  an  alkali  chromate.  The  chromates  are  also 
formed  when  an  alkaline  solution  of  chromic  oxide  is  treated 
with  lead  peroxide,  potassium  permanganate,  chlorine,  bromine, 
hypochlorites,  or  other  oxidising  agents  : 

Cr^Og-f- lOKOH -I- SBr^  -  2K2CrO,  +  6KBr  4- SHgO. 

The  chromates  usually  possess  a  yellow,  yellowish-red,  or  red 
colour.  Besides  the  normal  salts  we  are  acquainted  with  basic 
salts,  but  not  with  any  acid  salts.  The  salts  frequently  termed 
acid  salts  are  dichromates  corresponding  to  the  disulphates,  and 
are  salts  of  dichromic  acid,  B^Gr^O^  (p.  1027).  Of  these 
the  most  important  is  common,  red  potassium  dichromate, 
KaCrPy  =  K2Cr04,Cr03.  We  are  acquainted  also  with  tri- 
chromates  and  other  polychromates. 

Chromium  Trioxide  or  Chromic  Anhydride,  CrOg. — This  com- 
pound is  formed  by  the  action  of  strong  sulphuric  acid  on  solutions 
of  the  chromates.     According  to  Zettnow  ^  the  best  yield  is  ob- 

1  Christomanos,  Ber.,  1877,  10,  343.  ^  Pogy.  Ann.,  1871,  143,  471. 
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tained  when  300  grams  of  potassium  dichromate  are  mixed  with 
500  c.c.  of  water,  420  c.c.  of  concentrated  sulphuric  acid  added, 
and  the  mixture  allowed  to  stand  for  twelve  hours  in  order 
that  the  acid  potassium  sulphate  may  crystallise  out.  The 
mother-liquor  is  then  heated  to  80°  or  90°,  and  150  c.c. 
of  sulphuric  acid  added,  together  with  enough  water  to 
dissolve  the  crystals  of  trioxide  which  at  first  separate  out. 
After  standing  for  twelve  hours  the  liquid  is  poured  off  from 
the  crystals  which  have  separated,  and  a  second  and  a  third 
crop  may  be  obtained  by  concentration.  The  liquid  is  drained 
off  from  the  crystals,  and  these  are  then  washed  on  a  pumice- 
stone  or  asbestos  filter  by  the  aid  of  a  filter  pump  with  pure  nitric 
acid,  having  a  specific  gravity  of  1'46,  the  adhering  nitric  acid 
being  removed  by  passing  a  current  of  dry  air  over  the  crystals 
heated  in  a  tube  at  60°-80°.i 

Chromium  trioxide  may  also  be  obtained  by  the  action  of  an 
excess  of  nitric  acid  of  sp.  gr.  1'38  on  barium  chromate,  the 
barium  nitrate  being  separated  by  crystallisation.^ 

Chromium  trioxide  exists  either  as  a  red  woolly  mass  or  as 
long,  scarlet,  rhombic  prisms  with  a  strong  lustre ;  it  has  a  specific 
gravity  of  2'78,  and  melts  at  193°  to  a  dark  red  liquid,  which 
solidifies  to  a  reddish-black,  crystalline  mass,  having  a  metallic 
appearance.  At  250°  it  is  resolved  into  oxygen  and  the  sesqui- 
oxide. 

Chromium  trioxide  is  easily  converted  into  chromic  oxide 
by  reducing  agents,  such  as  sulphur  dioxide,  hydrogen  sulphide, 
stannous  chloride, arsenious  oxide, ferrous  salts,zinc,&c.,andmany 
organic  compounds  also  act  in  the  same  way.  Thus  if  strong 
alcohol  be  dropped  on  to  the  dry  trioxide  reduction  takes  place 
with  incandescence,  and  if  the  trioxide  be  previously  mixed 
with  a  little  powdered  camphor,  the  chromic  oxide  formed 
assumes  the  appearance  of  a  green  mossy  vegetation.  Paper, 
sugar,  oxalic  acid,  &c.,  also  reduce  the  solution  of  the  trioxide, 
especially  on  warming.  When  the  trioxide  is  heated  with 
hydrochloric  acid,  chlorine  is  liberated,  and  when  heated  with 
sulphuric  acid  it  decomposes  with  evolution  of  oxygen.  The 
aqueous  solution  of  chromium  trioxide  as  well  as  its  solution  in 
glacial  acetic  acid  is  often  used  in  organic  chemistry  as  an 
oxidising  agent.  Still  more  commonly  a  mixture  of  potassium 
dichromate  and  dilute  sulphuric  acid  is  employed  for  this  pur- 


'  Bunsen,  Annalen,  1868,  148,  290. 

2  Duvillier,  Compt.  rend.,  1867,  65,  711. 


CHROMIC  ACID  1027 


pose,  in  which  case  chrome  alum  is  obtained  as  a  by-product. 
Chromium  trioxide  dissolves  without  alteration  in  cold  dilute 
alcohol  and  pure  ether,  and  it  is  soluble  also  in  concentrated 
sulphuric  acid,  but  not  in  an  acid  containing  from  16  to  17  per 
cent,  of  water.  It  deliquesces  on  exposure  to  air,  forming  a 
brown  solution  which  on  dilution  with  water  becomes  of  a 
yellowish-red  colour.  This  dyes  the  skin,  as  well  as  silk  and 
wool,  a  yellow  colour,  and  possesses  an  acid  and  astringent  taste. 

Chromic  Acid,  H^CrO^,  is  obtained  by  warming  the  trioxide 
for  some  time  with  a  quantity  of  water  insufficient  for  its 
complete  solution,  and  decanting  the  clear  liquid.  The  acid 
separates  out  on  cooling  in  rose-red  crystals  which  are  stable 
over  sulphuric  acid  but  readily  yield  the  trioxide  and  water  on 
warming.^  From  the  high  conductivity  of  the  solutions  of 
chromic  acid  Ostwald  concludes  that  the  dissolved  acid  is 
present  as  dichromic  acid,  H^CrjOy.^  On  the  other  hand  Costa 
considers  that  a  solution  of  chromium  trioxide  contains  the  acids 
HjCrPy  and  H^CrO^.^ 

Chromic  acid  in  its  chemical  properties  resembles  sulphuric 
acid,  and  the  normal  salts  are  usually  isomorphous  with  the 
corresponding  sulphates.  The  constitution  of  chromic  acid  is 
represented  by  the  formula  Cr02(OH)2,  and  the  hydroxyl  groups 
may  be  replaced  by  halogens  and  other  radicals,  such  as  the 
amido-group,  giving  rise  to  substances  analogous  to  those  de- 
rived in  a  similar  manner  from  sulphuric  acid.  In  the  same 
way  dichromic  acid  and  the  dichroraates  correspond  to  disul- 
phuric  acid  and  the  disulphates ;  thus  the  former  have  the 
constitution  represented  by  the  formula  (OH)Cr02'0"Cr02(OH), 
and  the  hydroxyl  groups  in  these  compounds  may  also  be 
replaced  by  other  simple  or  compound  radicals.  In  addition, 
salts  are  also  known  containing  three  and  four  molecules  of 
chromium  trioxide  to  one  molecule  of  basic  oxide;  these  are 
known  as  the  trichromates  and  teirachromates,  and  their 
constitution  is  represented  by  the  formulae  (M'0)Cr02.0.CrO.,. 
O.CrO2(OM0,  and  (M'O)CrO2.O.CrO2.O.CrO2.O.CrO2(OM0. 

Normal  Potassium  Chromaie,  KgCrO^  is  obtained  by  the 
addition  of  potash  to  a  solution  of  the  dichromate.  On 
evaporating  the  solution  yellow  rhombic  pyramids  crystallise 
out,  which  are  isomorphous  with  potassium  sulphate,  and 
crystallise    with   the  latter  salt  in  all    proportions.     It   has  a 

1  Moissan,  Compt.  rend.,  1884,  98,  1581. 

2  Zeit.  physikal.  Chem.,  1888,  2,  78.  =*  Gazz.,  1906,  36,  i.,  535. 
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specific  gravity  of  2-71  at  3-9°,  and  does  not  undergo  altera- 
tion in  the  air.  On  heating,  it  becomes  red-coloured,  and  melts 
at  a  high  temperature  without  decomposition,  solidifying  on 
cooling  to  a  crystalline  mass.  It  dissolves  in  water  with  a 
yellow  colour  which  is  perceptible  even  when  very  small  quanti- 
ties of  the  substance  are  present,  one  part  of  the  salt  imparting 
a  distinct  yellow  tint  to  400,000  parts  of  water.  One  hundred 
parts  of  water  dissolve  :  ^ 

At  0°  30°  60°  105  8° 

KgCrO^        54-57         65-13         74-60         88-8  parts. 

The  saturated  solution  boils  at  105°.  The  salt  has  a  bitter 
cooling  taste  and  an  alkaline  reaction.  On  evaporating  its 
solution  red  crystals  of  the  dichromate  are  first  deposited  and 
afterwards  the  yellow  crystals  of  the  neutral  sort.  It  is  decom- 
posed by  all  acids,  even  by  carbonic  acid  with  formation  of  the 
dichromate.     It  is  insoluble  in  alcohol. 

Foiassium  Dichromate,  or  Bichromate  of  Potash,  KjCrgO,, 
serves  as  the  starting  point  for  the  preparation  of  almost  all 
the  other  chromium  compounds,  and  is  prepared  on  the  large 
scale  from  chrome  iron  ore. 

Up  to  the  year  1820  potassium  dichromate  was  used 
only  for  the  purpose  of  making  chrome  yellow,  and  was  pre- 
pared by  the  calcination  of  chrome  iron  ore  with  costly  salt- 
petre. In  the  above  year  Kochlin  introduced  potassium 
dichromate  into  the  process  of  Turkey-red  dyeing,  and  it  was 
soon  employed  for  a  variety  of  other  purposes,  especially  in 
wool  dyeing.  In  its  preparation  potashes  were  employed  instead 
of  saltpetre,  and  the  chrome  iron  stone  was  oxidised  in  reverbe- 
ratory  furnaces  by  means  of  atmospheric  oxygen.  An  important 
improvement  was  made  in  the  process  by  Stromeyer  by  the 
introduction  of  a  certain  quantity  of  lime  together  with 
the  potash.  Not  only  was  a  saving  of  alkali  thus  effected,  but 
the  oxidation  was  rendered  easier,  inasmuch  as  the  whole  mass 
did  not  fuse,  and  therefore  remained  porous  and  more  capable  of 
absorbing  the  atmospheric  oxygen.  The  chrome  iron  ore  is  first 
roasted  and  4|  parts  of  the  finely  ground  ore  mixed  with  21 
parts  of  potassium  carbonate  and  7  parts  of  lime.  This  mass 
after  drying  at  150°  is  heated  to  bright  redness  with  an  oxidising 
flame,  the  whole  being  constantly  stirred.  At  the  end  of  the 
operation  the  charge  is  withdrawn  from  the  furnace,  and,  after 

'  Koppel  and  Blumenthal,  Zeil.  anorg.  Chem.,  1907,  53,  262. 
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cooling,  is  lixiviated  with  the  minimum  amount  of  hot  water. 
If  calcium  chromate  be  found  in  solution  a  hot  saturated 
solution  of  potassium  sulphate  is  added,  when  the  calcium  is 
thrown  down  as  sulphate  and  potassium  chromate  remains  in 
solution.  The  liquor  is  next  treated  with  the  requisite  quantity 
of  sulphuric  acid,  diluted  with  twice  its  volume  of  water,  to 
convert  the  chromate  into  dichromate,  and  then  allowed  to 
cool.  The  solution  of  chromate  saturated  at  16°  contains  nearly 
1  part  of  salt  to  2  parts  of  water,  whilst  the  dichromate 
requires  10  parts  of  water  for  its  solution ;  hence  when  the 
saturated  solution  of  chromate  is  converted  into  dichromate,  a 
precipitate  of  about  three-quarters  of  the  dichromate  will  be 
formed  on  cooling.  The  precipitate  is  collected  and  then 
recrystallised.  The  mother-liquor,  which  contains  potassium 
sulphate,  is  used  for  the  lixiviation  of  another  portion  of  the 
roasted  mass. 

This  salt  may  be  prepai'ed  also  by  electrolysing  a  solution  of 
caustic  potash  using  an  anode  of  ferrochrome  and  a  cathode  of 
porous  copper  oxide.^ 

Potassium  dichromate  crystallises  in  splendid  garnet-red 
tablets  or  prisms  belonging  to  the  triclinic  system,  having  a 
specific  gravity  of  2'692  at  3'9°.  It  melts  below  a  red  heat, 
forming  a  transparent  red  liquid,  which  when  slowly  cooled 
solidifies  in  crystals  which  have  the  same  form  as  those  deposited 
from  aqueous  solution.  It  decomposes  at  a  white  heat  into 
oxygen,  chromic  oxide,  and  the  normal  salt.  One  hundred 
parts  of  water  dissolve  :  ^ 

At  0°  30°  60°  104-8° 

KaCrPy  4-64         18-13         45-44         108-2  parts. 

The  saturated  solution  boils  at  104-8°.  Potassium  dichromate 
has  an  acid  reaction,  a  cooling,  bitter,  metallic  taste,  and  is 
insoluble  in  alcohol ;  it  acts  as  a  powerful  poison,  probably  on 
account  of  its  oxidising  properties.  The  commercial  salt  is 
usually  almost  chemically  pure,  and  is  employed  for  the 
preparation  of  the  other  chromium  compounds,  as  a  reagent, 
and  as  an  oxidising  agent,  as  well  as  being  largely  used  in 
dyeing  and  calico-printing. 

A  film  of  organic  matter  saturated  with  a  solution  of 
potassium   dichromate  acquires  a  dark  colour  on  exposure  to 

1  Lorenz,  Ze,it.  anorg.  Chem.,  1896,  12,  396. 

2  Koppel  and  Blumenthal,  Zeit.  anorg.  Chem.,  1907,  53,  262. 
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light,  owing  to  a  reduction  to  chromic  oxide  taking  place,  and 
a  solution  of  this  substance  in  gelatine  is  used  as  a  sensitive 
agent  in  the  Autotype  and  other  similar  photographic  printing 
processes.  These  processes  depend  not  merely  upon  the 
de-oxidation  of  the  dichromate,  but  also  upon  the  fact  that 
this  reduction  renders  the  gelatine  insoluble  in,  and  non- 
absorbent  of,  water,  so  that  those  portions  of  the  gelatine  film 
which  have  been  acted  upon  by  the  light  remain  unchanged 
when  the  film  is  immersed  in  hot  water,  while  those  parts 
which  have  been  protected  from  the  action  of  the  light  dissolve 
away  entirely.  A  film  is  thus  obtained  in  which  the  various 
shades  of  the  original  negative  are  represented  by  deposits  of 
varying  thickness  of  the  insoluble  gelatine,  which  can  be 
coloured  with  any  desired  pigment;  in  this  way  the  red  or 
blue  chalk  drawings  of  the  old  masters  can  be  produced  in  exact 
fac-simile.^ 

Potassium  dichromate  forms  a  double  salt  with  mercuric 
chloride,  K2Cr20y,HgCl2,  which  separates  out  in  red  well- 
developed  rhombic  crystals. 

Potassmm  Trichromate,  KgCrgOip,  is  formed  by  the  action  of 
chromic  acid  solution  on  the  dichromate,  but  is  best  prepared 
by  boiling  the  dichromate  with  nitric  acid  of  specific  gravity 
1'19 ;  on  cooling,  potassium  nitrate  first  separates  almost 
completely,  and  the  decanted  liquor  then  deposits  the  trichro- 
mate in  deep-red  monoclinic  prisms,  having  a  specific  gravity  of 
2'648.  It  is  decomposed  by  hot  water  into  chromic  acid  and 
the  dichromate,  and  cannot  therefore  be  recrystallised  in  this 
manner.^ 

Potassium.  Tetrachromate,  K^Crp^j,  is  obtained  by  heating  the 
dichromate  with  nitric  acid  of  specific  gravity  1-41,  and 
separates  out  on  cooling  in  brownish-red  crusts  consisting 
of  small  rhombic  plates.  It  has  a  specific  gravity  of  2-649,  and, 
like  the  trichromate,  is  decomposed  by  water  into  chromic  acid 
and  the  dichromate.  The  compound  described  by  Darmstadter 
as  potassium  nitrochromate  is  identical  with  the  tetrachromate.^ 

Normal  Sodium  Chromate,  Na2CrO^,10H.3O.— Is  obtained  by 
fusing  chromic  oxide  and  sodium  nitrate  together,  and  evapor- 
ating the   solution   at  a  low  temperature,  or  by  allowing  a 

'  For  a  full  and  interesting   description   of  these  processes,  see  Abney's 
Treatise  on  Photography.     (Longmans.) 
^  Jiiger  and  Kriiss,  Ber.,  1889,  22,  20.38. 
»  Wyrouboff,  Bull.  Soc.  chim.,  1881,  [2],  35,  162 
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solution  of  potassium  chromate  saturated  with  soda  to  evaporate 
at  0°.  The  salt  is  deposited  in  deliquescent  transparent  yellow 
prisms,  isomorphous  with  Glauber's  salt.  When  the  solution  is 
heated  to  above  30°  the  anhydrous  salt  separates  out.  It  has 
an  alkaline  reaction,  and  a  bitter  metallic  taste.  Hydrates 
containing  4H2O  and  GHjO  have  also  been  obtained.^ 

Sodium,  Bichromate,  Na2Cr207,2H20,  crystallises  in  thin 
triclinic  yellowish-red  deliquescent  prisms.  This  salt  is  now 
manufactured  on  a  large  scale ;  it  is  much  more  soluble  than 
the  potassium  salt,  and  for  this  reason  is  used  as  a  depolariser 
in  chromic  acid  cells  in  place  of  the  potassium  salt. 

Ammonium  Chromate,  (NH^).jCrO^. — This  salt  can  be 
obtained  pure  only  from  solutions  containing  excess  of  ammonia, 
as  it  readily  loses  the  latter,  forming  the  dichromate.  It  is 
obtained  in  golden-yellow  monoclinic  needles,  by  gently 
warming  pure  chromium  trioxide  with  a  quantity  of  ammonia 
of  specific  gravity  0'90,  which  is  just  sufficient  to  dissolve  the 
chromate  formed,  and  cooling  the  solution  in  a  freezing 
mixture.  The  dichromate,  (NH^)2Cr205,,  is  readily  obtained  by 
adding  the  requisite  quantity  of  chromium  trioxide  to  ammonia, 
and  separates  out  on  evaporation  in  orange-red  monoclinic 
crystals,  having  a  specific  gravity  of  2'367.  These  are  stable  in 
the  air,  but  decompose  on  ignition  into  nitrogen,  water,  a 
bulky  leaf-like  mass  of  chromium  sesquioxide,  and  generally  a 
little  ammonia.  This  salt  forms  a  number  of  crystalline  double 
salts  with  mercuric  chloride.^  The  trichromate  and  tctrachromate 
have  also  been  prepared. 

474  Most  of  the  other  metals  form  chromates  or  basic  chromates 
which  are  for  the  most  part  coloured  substances  insoluble  in 
water,  many  of  which  are  largely  used  as  pigments.  The  most 
important  of  these  are  the  following : 

Copper  Chromates. — Copper  Dichromate,  CuCr207,2H20,  is 
obtained  by  the  action  of  concentrated  chromic  acid  solution 
on  copper  hydroxide.  It  forms  blackish-brown  deliquescent 
crystals.  The  solution  when  boiled  deposits  the  basic  salt 
Cu3CrOg,2H20  as  a  brown  precipitate,  which  is  also  obtained 
when  boiling  solutions  of  normal  potassium  chromate  and 
copper  sulphate  are  mixed.  Cold  solutions,  on  the  other  hand, 
yield  the  double  salt  K2Cr04,Cu3Cr20j„2H20,  which  is  obtained 
also  by  the  action  of  potassium  dichromate  solution  on  freshly 

1  Salkowski,  Ber.,  1901,  34,  1947. 

2  Jager  and  Kruss,  Ber.,  1889,  22,  2047. 
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precipitated  copper  hydroxide  in  pale-brown  microscopic  six- 
sided  tablets.  The  mineral  vauquelinite,  (Cu,Pb)3Cr20g,  occurs 
in  small  glistening  monoclinic  crystals  or  earthy  masses,  together 
with  crocoisite. 

Silver  Chroniate,  AggCrO^,  is  obtained  as  a  brick-red  am- 
orphous precipitate  when  a  solution  of  potassium  chromate  is 
poured  into  excess  of  a  concentrated  solution  of  silver  nitrate 
either  cold  or  hot.^  It  is  formed  when  silver  dichromate  is 
boiled  for  a  long  time  with  water  as  a  deep  green  crystalline 
powder,  which  is  insoluble  in  water,  but  dissolves  with  some 
difficulty  in  sulphuric  acid,  nitric  acid,  and  ammonia.  The 
solution  obtained  by  dissolving  it  in  as  small  a  quantity  as 
possible  of  warm  ammonia  of  specific  gravity  0-94  deposits 
ammonio-silver  chromate,  Ag2CrO^,4NH3,  on  cooling  in  long 
yellow  needles  belonging  to  the  tetragonal  system.^ 

The  red  chromate  may  be  converted  into  the  grsen  form  by 
heating  in  an  atmosphere  of  carbon  dioxide  (Autenrieth). 

Silver  Bichromate,  AggCrgO,,  is  obtained  by  the  action  of 
potassium  dichromate  on  silver  nitrate  in  acid  solution  ;  it  forms 
small  red  triclinic  crystals,  which  are  decomposed  by  boiling 
water  into  chromic  acid  and  the  normal  chromate.  It  may 
also  be  obtained  by  warming  silver  chromate  with  dilute  nitric 
acid.^ 

Barium  Chromate,  BaCrO^,  is  an  insoluble  yellow  precipitate, 
having  a  specific  gravity  of  3-9.  It  is  insoluble  in  acetic,- 
but  easily  soluble  in  nitric,  hydrochloric,  and  aqueous  chromic 
acids.  From  the  last  solvent  the  salt  BaCr207,2H20  may  be 
obtained  in  yellow  stellar  needles,  which  are  decomposed  by 
water  with  separation  of  the  normal  salt.  Barium  chromate 
IS  used  as  a  pigment  under  the  name  of  yellow  ultramarine  or 
lemon  chrome.  It  is,  however,  now  very  little  used,  as  the  lead 
chromates  have  a  brighter  colour  and  more  body. 

Zinc  CAromafes.— Potassium  chromate  gives  with  zinc  sulphate 
a  yellow  precipitate  of  basic  zinc  chromate,  Zn2(OH)2Cr04,H20. 
A  similar  compound,  2Zn2(OH)2CrO„H20,  is  formed  when  zinc 
carbonate  is  heated  with  a  solution  of  chromic  acid. 

If  zinc  oxide  or  a  zinc  salt  is  boiled  with  potassium  di- 
chromate the  yellow  insoluble  compound,  Zn/OHlCrO,,  is 
precipitated. 

1  Autenrieth,  Ber. ,  1902,  35,  2057. 

2  Muthmami,  Ber.,  1889,  22,  2051. 

3  Autenrieth,  Be,:,  1902,  35,  2059, 
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The  chromate  obtained  by  the  addition  of  a  hot  neutral 
solution  of  zinc  sulphate  to  potassium  chromate  forms  a  stable 
yellow  pigment  sold  under  the  name  of  Zinc  yellow  or  Buttercup 
yelloiv. 

Lead    Chromate,    PbCrO^,    occurs    as    crocoisite    in   trans- 
lucent  yellow    monoclinic    prisms,    having    a    specific   gravity 
of  5"9  to  6"1.     The  mineral  is  found  in  Siberia,  in  the  Urals, 
Brazil,  Hungary,  and  the  Philippine  islands.     Crystals  having  a 
specific   gravity   of  6'118   are   artificially  obtained  when  lead 
chloride  is  strongly  heated  with  potassium  chromate,  as  well  as 
■when  solutions  of  lead  acetate  and  normal  potassium  chromate 
are  allowed  slowly  to  diffuse  into  one  another.^     A  bright  yellow 
precipitate  of  the  normal  chromate  is  obtained  when  a  solution 
of  a  lead  salt  is  precipitated  with  potassium  dichromate.     This 
goes  under  the  name    of  chrome  yellow,   Paris  yellow,  or  Leipsic 
yellow,  and  is  largely  used  as  a  pigment.     It  is  insoluble   in 
water,  but  is  readily  dissolved  by  nitric  acid  and  caustic  potash. 
When  strongly  heated  it  fuses   to  a   brown  liquid,  which  on 
cooling  solidifies  to  a  crystalline  mass.     As  lead  chromate  at  a 
red   heat   oxidises   all    organic    substances,    it    is   frequently 
employed  in  organic  analysis,  especially  in  the  case  of  bodies 
which    contain    chlorine,  sulphur,  &c.     The   chrome   yellow  of 
commerce  often  contains  admixtures,  especially  lead  sulphate. 
This,  however,  is  not  always  to  be  considered  as  an  adultera- 
tion, and  it  is  used  for  the  preparation  of  a  light  shade.     This 
is  termed  Cologne  yellow,  and  is  obtained  by  the  precipitation 
of  a  mixture  of  the   nitrates   of  lead  and   calcium   with     a 
mixture  of  sodium  sulphate  and  potassium  chromate,  or  more 
generally  by  heating  lead  sulphate  with  a  solution  of  potassium 
dichromate. 

Calico  is  printed  or  dyed  with  chrome  yellow,  by  first 
mordanting  the  cloth  with  a  solution  of  lead  salt,  and  after- 
wards steeping  it  in  one  of  potassium  chromate. 

Basic  Lead  Chromate,  PbgCrOj,  occurs  in  commerce  as 
chrome  red,  and  is  obtained  as  a  fine  red  powder  by  digesting 
chrome  yellow  with  cold  caustic  soda,  boiling  it  with  a  solution 
of  normal  potassium  chromate,  or  fusing  it  with  nitre. 
Another  basic  salt,  PbgCr^Og,  occurs  as  the  mineral  phcjenicite, 
in  hyacinth-red  crystals,  having  a  specific  gravity  of  S'TS. 
It  may  be  artificially  prepared  together  with  the  normal 
chromate  by  allowing  solutions  of  lead  nitrite  and  potassium 
'  Dreverinann,  Annalen,  185.3,  87,  121. 
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chromate  to  diffuse  into  one  another,  when  it  separates  in  dark- 
red  tablets. 

By  making  a  suitable  mixture  of  chrome  yellow  and  chrome 
red,  or  by  modifying  the  process  of  manufacture  so  as  to  obtain 
a  mixture  of  these,  pigments  of  any  shade  between  the  two 
may  be  obtained.  These  are  known  commercially  as  chrome, 
orange. 

Bismuth  Chromate. — When  normal  potassium  chromate  is 
added  to  a  solution  of  bismuth  nitrate  a  lemon-yellow  finely 
crystalline  precipitate  is  thrown  down,  having  the  composition 
BigCr20j5  =  2(BiO)2CrO^,Bi203.  This  compound  does  not 
fuse,  and  is  not  decomposed  on  heating.  When  treated  with  a 
quantity  of  nitric  acid  insufficient  to  dissolve  it,  it  is  converted 
into  BijCrgOy  =  (BiO)2Cr20y ;  this  salt  is  obtained  also  by 
adding  a  solution  of  bismuth  nitrate,  as  nearly  as  possible 
neutral,  to  an  excess  of  a  solution  of  potassium  dichromate.  It 
is  an  orange-yellow  crystalline  powder  which  decomposes 
on  ignition  and  becomes  of  a  dark-green  colour.  If  a  few 
drops  of  nitric  acid  are  added  to  the  liquid  after  precipitation, 
and  the  whole  boiled  for  a  few  hours,  a  cinnabar-red  crystalline 
salt,  (BiO)2Cr04,  is  thrown  down,  which  partially  dissolves 
on  boiling  with  moderately  strong  nitric  acid,  and  is 
partially  converted  into  ruby-red  crystals  having  the  formula 
Bi2Cr^Oj„H20.i  Other  polychromates  of  bismuth  have  been 
prepared.^ 

Chromic  Chromate,  Cr203,CrOg  =  3Cr02. — This  compound, 
also  known  as  chromium  dioxide,  is  formed  when  chromic  nitrate 
is  gently  heated.  It  is  likewise  prepared  by  the  partial 
reduction  of  the  trioxide,  and  by  the  precipitation  of  a  chromic 
salt  with  a  soluble  chromate.  The  brown  powder  thus  obtained 
is  easily  soluble  in  acids.  Alkalis  precipitate  chromic 
hydroxide  from  its  solution,  whilst  a  chromate  remains  in  the 
liquid.  If  chromic  chromate  be  washed  for  some  time  with 
water,  it  is  decomposed  into  soluble  trioxide  and  insoluble 
sesquioxide.  When  nitric  oxide  is  passed  into  a  tolerably 
concentrated  solution  of  potassium  dichromate,  chromic 
chromate  is  obtained  as  a  dark- brown  precipitate,  which  dries 
at  250°  to  form  a  black  hygroscopic  powder,  and  this,  when 
heated  in  a  current  of  hydrogen  chloride,  yields  chromic  oxide, 
water,  and  chlorine. 


1  Muir,  Journ.  Chem.  Soc,  1876,  ii.,  12. 
^  Journ.  Chem.  Soc,  1877,  i.,  24,  645. 
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A  hygroscopic  black  powder  has  also  been  obtained  by 
Manchot  aud  Kraus  ^  by  heating  chromic  hydroxide  in  a 
current  of  oxygen.  This  contains  a  little  water,  which  it  gives 
off  at  a  red  heat  along  with  some  of  its  oxygen,  chromic  oxide, 
Cr203,  being  left.  When  washed  with  water  no  chromium 
trioxide  is  obtained,  and  these  investigators  therefore  consider 
it  to  be  a  dioxide,  CrOg,  and  not  chromic  chromate. 

When  the  vapour  of  chromic  chloride  is  passed  through  a  red- 
hot  tube,  violet  translucent  prisms,  having  the  composition  CrgOg 
=  2Cr.203,Cr03,  are  obtained.  These  are  magnetic,  and  on 
ignition  are  gradually  converted  into  chromic  oxide.^ 

A  number  of  crystalline  double  chromates  have  been 
described  which  have  the  general  formula  M^^W^iCrO^y^fiUfi, 
where  M'  =  K,  Rb,  NH^,  or  Cs,  and  M"  =  Ni,  Mg,  or  Cd,  as  well  as 
ammoniacal  double  chromates  of  theformula  M^2M"(Cr04)2,2NH3, 
where  M'  =  K  or  NH„  and  M"  =  Cu,  Zn,  Cd,  Ni,  or  Co.^ 

Halogen  and  Amido-derivatives  of  Chkomic  Acid. 

475  Chromyl  Dijluoride,  CrOgFo.— This  substance  was  first 
obtained  by  Unverdorben,  by  the  action  of  sulphuric  acid 
on  a  mixture  of  lead  chromate  and  fluorspar,  and  was  regarded 
by  him  as  chromium  hexafluoride.  Olivieri  has,  however, 
shown  that  it  contains  only  two  atoms  of  fluorine  to  one  of 
chromium,  and  is  in  reality  derived  from  chromic  acid  by  the 
replacement  of  the  two  hydroxyl  groups  by  fluorine.  It  is  best 
prepared  by  heating  60  grams  of  well-dried  potassium  dichro- 
mate  and  30  grams  of  fluorspar  with  100  grams  of  fuming 
sulphuric  acid  in  a  platinum  retort.  It  condenses  in  a  freezing 
mixture  to  a  blood-red,  very  volatile  liquid,  which  is  converted 
even  by  the  moisture  of  the  air  into  chromic  fluoride  and 
chromic  acid. 

Potassium  Fluochromate,  F.CrOg.OK,  is  formed  by  heating 
potassium  dichromate  with  hydrofluoric  acid  in  a  platinum 
vessel,  and  crystallises  in  red  tetragonal  pyramids,  which  are 
soluble  in  water.  The  solution  decomposes  on  boiling  into 
potassium  dichromate  and  hydrofluoric  acid. 

Chromyl  Bichloride,  CrOgClg,  appears  to  have  been  discovered 
by  Thomson,*   and   was   then   investigated   by  Berzelius   and 

1  Ber.,  1906,  39,  1352  ;  see  also  Meerburg,  Zeit.  anorg.  Chem.,  1907,  54,  31. 

'  Geuther,  Annale7i,  1861,  118,  61. 

3  Briggs,  Joum.  Chem.  Soc,  1903,  83,  391  ;  1904,  85,  672,  677. 

■»  Phil.  Trans.,  1827,  117,  159. 
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Wbhler.i  It  is  prepared  by  distilling  a  fused  mixture  of  ten 
parts  of  common  salt  and  twelve  parts  of  potassium  dichromate, 
with  thirty  parts  of  concentrated  sulphuric  acid,  and,  in  order 
to  remove  free  chlorine,  repeatedly  rectifying  the  distillate  in  a 
current  of  carbon  dioxide.  It  is  also  formed  by  heating  chromium 
trioxide  in  a  current  of  hydrogen  chloride,  when  it  distils  over, 
and  an  oily  liquid  remains  which  probably  is  chlorochromic 
acid,  Cl.CrOj.OH.  It  may  readily  be  obtained  by  dissolving 
chromic  acid  in  concentrated  hydrochloric  acid,  and  adding 
sulphuric  acid  to  the  cooled  liquid  in  small  quantities  at  a 
time.  The  heavier  chromyl  chloride  is  then  run  off,  dry  air  is 
blown  through,  and  the  liquid  distilled.-  Chromyl  dichloride  is 
a  mobile  liquid  of  a  splendid  blood-red  colour  by  transmitted, 
and  nearly  black  by  reflected  light.  It  boils  at  115'9°,  and  has 
a  specific -gravity  at  25°  of  1Q20?  It  absorbs  chlorine  readily, 
dissolves  iodine,  and  when  dropped  into  water  it  remains 
unaltered  for  a  few  seconds,  but  is  afterwards  decomposed  with 
violent  ebullition  into  chromic  and  hydrochloric  acids.  The 
specific  gravity  of  the  vapour  of  chromyl  dichloride  is,  according 
to  Bineau,  5'39,  corresponding  to  the  above  formula.  When 
brought  into  contact  with  phosphorus  it  explodes,  whilst  it 
takes  fire  in  contact  with  sulphur,  hydrogen  sulphide,  ammonia, 
alcohol,  and  many  other  organic  bodies,  and  when  diluted  with 
acetic  acid  or  carbon  tetrachloride,  acts  as  an  oxidising  and 
chlorinating  agent  upon  hydrocarbons.  When  chromyl  dichloride 
is  heated  in  a  closed  tube  to  180°  for  three  or  four  hours, 
trichromyl  chloride,  CrgOgCl,,  is  formed  as  a  black  powder,  which 
deliquesces  on  exposure  to  the  air.* 

Bromine  and  iodine  do  not  form  analogous  chromyl  derivatives, 
but  when  a  bromide  or  iodide  is  heated  with  sulphuric  acid  and 
potassium  dichromate,  free  bromine  or  iodine  is  obtained.  This 
reaction  is  made  use  of  for  the  qualitative  detection  of  chlorine 
in  presence  of  bromine  or  iodine,  as  if  chlorine  be  present  the 
substance  yields  chromyl  chloride  when  heated  with  potassium 
dichromate  and  sulphuric  acid,  and  the  latter  by  the  action  of 
water  is  converted  into  chromic  acid,  which  may  be  recognised 
by  the  usual  tests. 

Potassium   Ghlm-ochromate,   Cl.CrOg.OK,    was   discovered   by 

1  Pogg.  Ann.,  18.S4,  33,  343. 

2  Law  and  Perkin,  Joum.  Ohem.  Soc,  1907,  91,  191. 
"  Thorpe,  Joum.  Ohem.  Soc,  1880,  37,  327. 

■*  Joum.  Chem.  Soc,  1870,  23,  31. 
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P^ligot/  and  is  formed  when  three  parts  of  potassium  dichro- 
mate  are  gently  heated  with  four  parts  of  concentrated  hydro- 
chloric acid  and  a  small  quantity  of  water,  or  when  chromyl 
dichloride  is  added  to  a  saturated  solution  of  potassium  chloride  : 

CrO^Cla  +  KCl  +  H^O  =  KCrOgCl  +  2HC1. 

It  crystallises  in  flat  red  rectangular  prisms,  having  a  specific 
gravity  of  2'497.  The  salt  is  partially  decomposed  by  water, 
but  may  be  recrystallised  from  water  containing  hydrochloric 
acid.     It  decomposes  at  100°,  with  evolution  of  chlorine : 

4Cr02(OK)Cl  =  K^CrP^  +  Cr^Oa  +  2KC1  +  Cl^  +  0^. 

Other  chlorochromates  have  been  described  by  P^ligot  and  by 
Prsetorius.^ 

Potassium  Amidochromate,  NH2.CrO2.OK,  is  formed  by  passing 
ammonia  into  ether  containing  the  chlorochromate  in  suspen- 
sion. After  24  hours  the  product  is  dissolved  in  water,  filtered 
from  an  insoluble  substance  simultaneously  formed,  and  the 
solution  evaporated.  The  amidochromate  crystallises  out  in 
garnet-red  monoclinic  prisms,  which  are  only  slowly  decomposed 
by  boiling  water,  and  somewhat  more  rapidly  by  caustic  potash. 
On  treatment  with  nitrous  acid  it  yields  nitrogen  and  potassium 
dichromate : 

2CrO.,(OK)NH2  -f-  2HNO2  =  2N,  -f-  SRfl  +  K^CrP;. 

When  an  aqueous  solution  of  the  amidochromate  is  treated 
with  chlorine  in  the  presence  of  ammonia,  the  whole  being 
covered  with  a  layer  of  ether,  a  light-brown  ethereal  solution  is 
obtained  which  deposits  yellowish-brown  leaflets  of  chromylamide, 

CrO^CNHJ^.^ 

Ferchromic  Acid  and  the  Perchromates. — A  deep  indigo-blue 
coloured  solution  is  obtained  when  hydrogen  peroxide  is  added 
to  an  aqueous  solution  of  chromium  trioxide,  or  to  a  solution 
of  a  chromate  acidified  with  sulphuric  acid.  If  the  freshly 
prepared  solution  be  shaken  with  ether,  this  liquid  takes  up 
the  perchromic  acid  and  becomes  of  a  dark-blue  colour.  The 
ethereal  is  ■  more  stable  than  the  aqueous  solution,  but  on 
evaporation  it  leaves  a  residue  of  chromium  trioxide.  The 
same  decomposition  is  effected  by  alkalis,  a  chromate  being 
formed    with    evolution    of  oxygen.     The    colouring   power  of 

1  /.  Pharm.,  1833,  19,  301.  '  Amv.den,  1880,  201,  1. 

'  Ohly,  Chem.  News,  1899,  80,  134. 
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perchromic  acid  is  so  great  that  its  formation  is  employed 
as  a  most  delicate  test,  both  for  chromic  acid  and  for  hydrogen 
peroxide.  The  deepest  coloration  is  produced  when  two 
molecules  of  hydrogen  peroxide  are  used  to  one  molecule  of 
chromium  trioxide. 

The  constitution  of  the  substance  thus  formed  is  as   yet   un- 
certain.    It    has    been    variously    regarded    as    CrgOyjxHgO,! 
CrOe,3H20,2     CrOg.HPj,^    ^nd    2HCrO,,H202,*    &c.    By    the 
action  of  sodium  peroxide  on  a  thin  paste  of  chromic  hydroxide 
and  water  Haussermann  ^  obtained  a  sodium   salt  having  the 
composition   NagCr20i5,28H20,    which    would   be   the   salt    of 
an  acid  derived  from  the  anhydride  CrOg.     When  this  salt  is 
treated  with  sulphuric  acid,  the  above  characteristic  blue  colour 
is  first  produced,  but    oxygen   is    soon    evolved,   and    chromic 
sulphate    remains   in    solution.     Salts    of    a    perchromic   acid, 
HCrOg,  with  pyridine,  quinoline,  and  other  organic  bases  have 
been  prepared   by  Wiede,«  by  adding  the  bases   to  the  blue 
ethereal  solution  of  perchromic  acid  cooled    below   0°.     These 
are  explosive  crystalline  compounds,  which  evolve  oxygen  when 
treated  with  strong  acids.     In  a  similar  manner  he  has  obtained 
blue   potassium    and    ammonium    salts,    which    he    regards  as 
(NHJCrOg.HaOj    and    KCrOf„H202,    the    hydrogen   peroxide 
acting    like    water    of    crystallisation.     On    the    other   hand, 
according  to  Riesenfeld,''  the  last  two  compounds  are  acid  salts 
of  the  perchromic  acid,  HjCrO^,  and  have,  therefore,  formulee  of 
the  type  R'HgCrOy      The  sam.e  compounds  are   formed  by  the 
action  of  hydrogen  peroxide  on  chromates  in   cold,  faintly  acid 
solution,  whilst  in  alkaline  solution  red  salts  of  a  perchromic  acid, 
HgCrOg,  are  obtained.     The  red  ammonium   salt,  (NHJgCrOg, 
when  treated  with  dilute  acids,  gives  off  oxygen  and  forms  the 
blue  salt  (NH^HgCrOy,  and  both  these  compounds  yield  with 
pyridine  Wiede's  pyridine  salt  of  the   acid  HCrO^  ;  finally,  all 
three  compounds,  on  treatment  with  excess   of  ammonia,  form 


'  Barreswil,  Ann.  Chim.  Phys.,  1847,  [.3],  20,  364. 

2  Fail-ley,  Ghem.  News,  1876,  33,  .337. 

'  Moissan,  Oompi.  rend.,  1883,  97,  96. 

"  Berthelot,  Oompt.  rend.,  1889,  108,  2.5. 

"^  J.  pr.  Ghem.,  1893,  (2),  48,  70. 

^Ber.,  1897  30,  2178:  1898,  31,  3139,  516;  1899,  32,  378;  see  ako 
ilotmann  and  Hiendlmaier,  ibid.,  1905   38    3059 

'ifen  1905  38  4068;  1908,  41,'  2826;  1911,  44,  147;  Zeit.  anorg. 
leeT'  compare  Hofmann  and  Hiendlmaier,   Ber.,   1904,37, 
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iriammine  chromium  tetrozide,  CrO^.SNHg.  This  compound 
is  a  brown  crystalline  substance  which  has  the  specific  gravity 
1"964  at  15"8°,  and  explodes  on  heating.^ 

Riesenfeld  considers  that  when  excess  of  hydrogen  peroxide 
acts  on  a  solution  of  chromic  acid,  the  acid,  HgCrOg,  is  mainly 
produced,  but  at  the  same  time  a  little  of  the  acid,  H^CrO^,  is 
also  formed,  whilst  the  blue  ethei'eal  solution  probably  contains 
a  mixture  of  several  perchromic  acids.^ 


Chromous  Salts. 

476  Chromous  Chloride,  CrClg,  is  formed  by  the  ignition  of 
chromium  in  hydrogen  chloride,  or  of  chromic  chloride  in  a 
current  of  hydrogen  gas  free  from  oxygen,  and  forms  white,  silky, 
lustrous  needles  which  are  stable  in  dry  air.  It  dissolves  in 
water,  with  evolution  of  heat,  forming  a  blue  solution,  which 
absorbs  oxygen  with  extreme  avidity  yielding  basic  chromic  salts, 
and  forms  a  powerful  reducing  agent.  This  solution  is  best  ob- 
tained as  follows  :  300 — 400  grams  of  amalgamated  granulated 
zinc  and  50  grams  of  very  finely  powdered  potassium  di- 
chromate  are  placed  in  a  flask  of  about  3  litres  capacity,  and 
a  mixture  of  300  c.c.  of  pure  fuming  hydrochloric  acid  and 
200  c.c.  of  water  added.  A  violent  reaction  occurs,  the  liquid 
becoming  first  green  from  the  intermediate  formation  of  chromic 
salts,  but  after  a  few  minutes  a  clear  sky-blue  solution  remains, 
which  may  be  directly  employed  as  a  reducing  agent  or  for 
absorbing  oxygen.  To  obtain  pure  chromous  chloride  from  the 
solution,  sodium  acetate  is  added  to  the  liquid,  the  precipitated 
chromous  acetate  washed  with  water  saturated  with  carbon 
dioxide,  redissolved  in  hydrochloric  acid,  and  a  current  of 
hydrogen  chloride  passed  into  the  cooled  solution.  All  these 
operations  must  be  performed  in  an  atmosphere  free  from 
oxygen.  The  chromous  chloride  is  thus  obtained  in  blue 
needles  containing  4  molecules  of  water.^ 

The  vapour  density  of  chromous  chloride  at  1300°  was  found 
by  Nilson  and  Pettersson  to  be  7-8,  considerably  lower  than  is 
required  by  the  formula  Cr2Cl4.     At  1600°  the  density  is  further 

1  Wiede,  Ber.,  1897,  30,  2178  ;  1899,  32,  378;  Riesenfeld,  Wohlers,  Kutsch 
and  Olil,  Ber.,  1905,  38,  1885,  3380. 

2  See  also  Spitalsky,   Zeit.   anorg.   Ohem.,  1907,  53,   184;  1907,   54,  265; 
1907,  56,  72 ;  1910,  69,  179  ;  Ber.,  1910,  43,  3187. 

»  Recoura,  Ann.  Chim.  Phys.,  1887,  [6],  10,  9. 
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reduced  to  6-2,  showing  that  probably  at  a  higher  temperature 
its  density  would  finally  reach  4-25,  corresponding  to  CrClj.^ 

Chromoiis  Bromide,  CrBrj,  is  obtained  by  gently  heating 
chromic  bromide  in  hydrogen  gas,  and  also  by  heating  the  metal 
in  gaseous  hydrobromic  acid.  It  is  a  white,  crystalline  mass, 
yielding  a  green  basic  chromic  bromide  on  exposure  to  the  air. 

Chromous  Iodide,  Crl^,  is  a  crystalline  mass  obtained  by  heating 
chromium  in  gaseous  hydriodic  acid.^ 

Ohromous  Sulphide,  CrS,  is  obtained  by  igniting  chromous 
chloride  in  sulphuretted  hydrogen,  or  by  the  long  continued 
heating  of  chromic  sulphide  in  hydrogen,  and  forms  a  black 
powder  which  is  attacked  only  with  difficulty  by  acids.^  It  may 
also  be  prepared  by  heating  chromium  to  a  very  high  temperature 
in  sulphuretted  hydrogen,  when  it  is  obtained  in  prismatic 
needles  having  a  specific  gravity  of  408,  and  sufficiently  hard  to 
scratch  quartz.* 

Chroynous  Sulphate,  CrSO^.THgO,  is  prepared  by  dissolving 
the  metal  in  dilute  sulphuric  acid.  It  is  best  obtained  by 
dissolving  chromous  acetate  in  dilute  sulphuric  acid ;  on  cooling 
it  separates  out  in  fine  blue  crystals  isomorphous  with  ferrous 
sulphate.  The  ammoniacal  solution  absorbs  oxygen,  nitric  oxide 
and  acetylene.  If  potassium  sulphate  be  dissolved  in  a  cold 
saturated  solution  of  the  chloride,  alcohol  added  until  a  pre- 
cipitate begins  to  form,  and  the  mass  allowed  to  stand  for 
some  weeks  in  absence  of  air,  fine  blue  rhombic  prisms,  having 
the  composition  KgSO^jCrSO^jeHgO,  are  deposited ;  these 
soon  become  green  on  exposure  to  the  air  owing  to  absorption 
of  oxygen. 

Chromous  Carhonate,  CrCOj,  is  obtained  by  precipitating  the 
chloride  with  potassium  carbonate.  A  yellow  to  greenish -blue 
precipitate  is  obtained  in  the  cold,  and  this  assumes  a  reddish- 
brown  colour  on  warming.  Several  double  salts  of  chromous 
carbonate  with  the  alkali  carbonates  have  been  prepared  by  the 
action  of  carbon  dioxide  on  a  mixture  of  solutions  of  chromous 
acetate  and  the  alkali  carbonate,^  These  are  powerful  reducing 
agents,  and  decompose  water  at  100°. 

Chromous  Acetate  is  a  red  crystalline  precipitate  obtained  by 

"  Journ.  Chem.  Soc,  1888,  53,  830. 

-  Moissan,  Compt.  rend.,  1891,  92,  1051. 

'^  Moissan,  Compt.  rend.,  1880,  90,  817. 

■■  Mourlot,  Compt.  rend.,  1895,  121,  943. 

"  Baug6,  Compt.  rend.,  1896,  122,  474;  1897,  125,  1177  ;  1898,  126,  1566. 
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pouring  a  solution  of  chromous  chloride  into  a  saturated  solution 
of  sodium  acetate. 

Chromic  Salts. 

477  The  normal  chromic  salts  have  a  blue  or  violet  colour,  and 
allow  red  light  to  pass  through  their  solutions.  The  cold  solu- 
tions have  a  violet  colour,  which  on  heating  changes  to  green ; 
in  some  cases  the  solution  immediately  becomes  violet  on  cool- 
ing, but  in  others  this  occurs  only  on  allowing  the  cooled 
solution  to  stand  for  some  time.  Only  the  violet  solutions  of 
the  salts  with  oxy-acids  yield  crystalline  salts,  the  green  solu- 
tions depositing  an  amorphous  mass  on  evaporation.  Many 
attempts  have  been  made  to  explain  the  changes  which  take 
place,  and  much  light  has  been  thrown  on  the  subject  by 
the  researches  of  Recoura  and  others.  The  salts  which  have 
been  most  closely  examined  are  the  chloride,  bromide,  and 
sulphate. 

In  the  case  of  the  chloride  and  bromide  it  appears  that  each 
exists  in  a  violet  and  a  green  modification,  both  of  which  can  be 
obtained  crystalline,  and  combined  with  the  same  number  of 
molecules  of  water ;  the  former  modification  exists  in  dilute 
solutions  and  the  latter  in  concentrated  solutions,  or  in  solutions 
containing  an  excess  of  acid.  In  addition,  a  different  compound 
is  obtained  by  dissolving  the  hydroxide,  Cr20(0H)^,  in  hydro- 
chloric acid,  and  has  probably  the  composition  Cr^OCl^.  In  the 
case  of  the  sulphate,  and  probably  of  the  other  oxy-acid  salts  the 
green  solution  contains  complex  derivatives  of  this  same 
hydroxide,  CrpCOH),  (p.  1046). 

Chromium  and  the  Halogens. 

478  Chromic  Fluoride,  CrFg. — The  anhydrous  salt  is  obtained 
by  passing  hydrogen  fluoride  over  heated  chromic  chloride,  and 
sublimes  at  a  high  temperature  in  slender  needles.  The  crys- 
talline hydrate,  CrFg.QHjO,  is  obtained  by  adding  ammonium 
fluoride  to  a  cold  solution  of  chromic  sulphate.  It  is  sparingly 
soluble  in  water,  but  dissolves  in  hydrochloric  acid,  forming  a 
violet  solution.  When  heated  in  the  air  it  becomes  green,  and 
finally  leaves  a  residue  of  chromium  trioxide.^ 

Chromic  Chloride,  CrClj-T— The  anhydrous  chloride  is  obtained 
by  heating  an  intimate  mixture  of  chromic  oxide  and  carbon  in 

'  Poulene,  Oompt.  rend.,  1891,  116,  253;  Fabris,  Oazz.,  1890,  20,  582. 
VOL.   11  3   X 


1042  CHROMIUM 


a  stream  of  dry  chlorine.  It  forms  peach-blossom  coloured 
scales,  which  have  a  specific  gravity  of  S^OS.  These  volatilise 
at  1065°,  yielding  a  vapour  of  the  density  6'135,  the  formula 
CrClg  requiring  5'478,  and  CrjClg  corresponding  to  a  density 
twice  as  great ;  hence  this  latter  compound  cannot  exist  in  the 
state  of  vapour.  From  1190°  up  to  1300°  the  density  is  5'5 
(Nilson  and  Pettersson).  Chromic  chloride  is  almost  insoluble 
in  cold  water,  but  it  is  readily  soluble  in  presence  of  a  very 
small  quantity  (less  than  0001  per  cent.)  of  chromous  chloride, 
cuprous  chloride,  stannous  chloride,  or  other  reducing  agents.^ 
The  dilute  solutions  of  the  chloride  have  a  violet  colour,  whilst 
the  concentrated  solutions  or  those  containing  a  large  excess  of 
acid  are  green.  Kecoura  ^  has  shown  that  the  heat  evolved  by 
the  action  of  an  equivalent  quantity  of  soda  is  nearly  50  per  cent, 
greater  in  the  case  of  the  green  solutions,  and  that  as  the 
concentration  of  the  solution  increases,  the  evolution  of  heat 
gradually  increases  from  the  value  for  the  violet  solution 
(-I-22-2  cal.)  to  that  for  the  green  (  +  31-5  cal.).  The  colour 
of  the  solution  at  the  same  time  gradually  changes  from  violet 
to  pure  green,  thus  indicating  a  gradual  transition  of  the  violet 
into  the  green  modification.  It  has  also  been  shown  ^  that 
equilibrium  between  the  green  and  the  violet  salts  is  set  up  in 
solution,  either  salt  leading  to  the  same  final  conditions, 
depending  on  the  concentration.  In  dilute  solutions  the  salt 
is  almost  all  present  in  the  violet  form,  whilst  as  the  concen- 
tration increases  the  equilibrium  shifts  more  and  more  in 
favour  of  the  green.  The  equilibrium  is  reached  very  slowly 
at  ordinary  temperatures,  but  may  be  attained  in  24  hours  at 
84°.  Both  modifications  have  been  isolated  in  the  crystalline 
condition  by  Kecoura,  and  both  have  the  same  composition, 
CrCl3,6H20.* 

The  green  chloride  separates  out  in  small,  emerald-green 
crystals  when  a  current  of  hydrogen  chloride  is  passed  through 
a  well-cooled,  saturated  solution  of  chromic  chloride.  If  the 
crude  chloride  be  dissolved  in  its  own  weight  of  water,  warmed 
for  a  few  minutes  to  80°,  and  then  cooled  to  0°,  the  solution 

'  Rohland,  Zeit.  anorg.  Chem.,  1899,  21,  37  ;  Drucker,  Zeil.  physikal.  Chem., 
1901,  36,  173. 

'^  Reooura,  Ann.  Ohim.  Phys.,  1887,  [6],  10,  5. 

'  Roozeboom  and  Olie,  Proc.  K.  Akad.  Wetensch,  Amsterdam,  1905,  8, 
B6  ;  Zeit.  anorg.  Chem.,  1906,  51,  29 ;  Werner  and  Gubser,  Ber.,  1901,  34, 
1379. 

<  Marchetti,  Gazz.,  1882,  22,  375. 
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contains  both  green  and  violet  salt,  and  on  passing  in  hydrogen 
chloride,  only  the  latter  separates  out  at  first  and  may  be 
obtained  free  from  the  green  modification  if  it  be  immediately 
filtered  off.  It  forms  greyish-blue  crystals  which  dissolve  in 
water,  forming  the  characteristic  blue-violet  solution.  Both  of 
the  salts  immediately  react  with  three  equivalents  of  soda 
yielding  one  and  the  same  chromic  hydroxide.  A  third 
isomeride  has  been  obtained  by  Bjerrum  ^  by  adding  ether 
saturated  with  hydrogen  chloride  to  the  solution  left  after 
precipitating  the  violet  salt  with  hydrochloric  acid.  Recoura's 
green  salt  when  kept  in  a  desiccator  loses  two  molecules  of 
water,  forming  a  green  hydrate,  CrCl3,4H20,  whilst  a  decahydrate, 
CrClj.lOHgO,  is  also  known.^  The  constitution  of  these 
hydrates  will  be  discussed  along  with  the  ammoniacal  com- 
pounds of  chromium  (p.  1054). 

When  hydrochloric  acid  acts  on  the  hydroxide  Cr20(0H)j,  a 
compound  is  obtained  which  has  a  less  bright  colour  than  the 
green  salt  described  above.  It  reacts  with  only  two  equivalents 
of  soda,  and  has  therefore  probably  the  composition  CrgOCl^, 
and  corresponds  to  the  green  salts  formed  by  heating  the 
solutions  of  the  salts  of  chromium  derived  from  oxy-acids 
(p.  1046).  In  presence  of  hydrochloric  acid  it  is  slowly  con- 
verted into  one  or  other  of  the  above  trichlorides  according 
to  the  concentration  of  the  solution. 

Double  compounds  of  an  oxychloride  of  chromium  with  the 
chlorides  of  the  alkali  metals  have  been  described,  in  which 
the  chromium  appears  to  be  pentavalent.  Thus  the  potassium 
compound,  CrOCl3,2KCl,  is  formed  as  a  garnet-red,  crystalline 
precipitate  when  a  solution  of  potassium  chloride  is  added  to  a 
concentrated  solution  of  chromic  acid,  which  has  previously 
been  treated  with  hydrochloric  acid  at  -  20°,  and  the  mixture 
saturated  at  0°  with  hydrochloric  acid.  Similar  compounds 
have  been  prepared  with  the  other  alkali  chlorides,  and  also 
with  quinoline  and  pyridine  hydrochlorides.^ 

Chromic  Bromide,  CrBrg. — The  anhydrous  compound  is 
prepared  in  a  similar  way  to  the  chloride.  It  forms  black, 
semi-metallic,  translucent,  hexagonal  scales,  having  an  olive- 
green  colour,  and  exhibits  in  one  direction  a  fine  red  dichroism. 

1  Ber.,  1906,  39,  1599. 

2  Werner  and  Gubser,  Ber.,  1901,  34,  1379  ;  Oliii,Zeit.  anorg.  Chew,.,  1907, 
53,  268. 

"  Weinland  and  Fridrich,   Ber.,   1905,  38,  3784;  Weinland  and  Fiederer, 
Ber.,  1906,  39,  4042  ;  1907,  40,  2090. 
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In  its  properties  it  closely  resembles  the  chloride,  and  dissolves 
easily  in  water,  when  a  small  quantity  of  chromous  bromide,  or 
any  other  reducing  agent,  such  as  tinfoil,  is  present.  Solutions 
of  chromic  bromide  behave  in  an  analogous  manner  to  those  of 
the  chloride,  and  yield  two  isomeric  salts,  the  one  forming  blue- 
grey,  and  the  other  green  crystals,  both  of  which  have  the 
composition  CrBrgjGHgO.^ 
Chromic  Iodide   is  unknown. 

Cheomium  and  Sulphur. 

479  Chromium  SesquisulpMde,  or  Chromic  Sulphide,  Cr^Sg. — This 
is  obtained  by  heating  chromium  with  sulphur,  or  by  igniting 
chromic  chloride,  or  the  trioxide,  in  a  current  of  hydrogen  sul- 
phide. It  forms  either  a  blackish-grey  powder  with  a  metallic 
lustre,  or  an  elastic  mass  having  a  specific  gravity  of  3'77. 
When  heated  in  the  air  it  burns  with  formation  of  the  green 
oxide,  and  in  chlorine  yields  chloride  of  sulphur  and  chromic 
chloride.  It  is  not  attacked  by  nitric  acid.  This  compound 
cannot  be  prepared  in  the  wet  way,  as  soluble  sulphides  pre- 
cipitate the  hydroxide  from  chromic  salts,  with  liberation  of 
sulphuretted  hydrogen  : 

2CrCl3  +  6H.p  +  SCNHJ^S  =  2Cr(OH)3-|-  6NH,C1  +  SH^S. 

Chromic  Sulphate,  Cr2(SO^)3,  is  obtained  by  mixing  equal 
parts  of  concentrated  sulphuric  acid  and  chromium  hydroxide 
dried  at  100°.  The  mixture  is  allowed  to  stand  in  a  loosely- 
stoppered  bottle,  when  the  solution,  which,  to  begin  with,  is 
green,  becomes  blue,  and  in  some  weeks  deposits  a  violet- 
blue,  crystalline  mass,  which  is  purified  by  solution  in  water 
and  precipitation  with  alcohol.  Thus  obtained,  it  is  a  violet, 
crystalline  powder  ;  if  a  smaller  quantity  of  alcohol  be  added, 
blue  octahedra  containing  18  molecules  of  water  are  deposited. 
Chromic  sulphate  and  the  sulphates  of  the  alkali  metals  form 
double  salts,  corresponding  to  the  alums,  to  which  the  name  of 
chrome-ahims  is  given. 

Potassium  Chromic  Sulphate,  or  Chrome  Alum,  K^SO^ 
Cr2(SOJ3,24H20. — This  substance  is  best  obtained  by  the 
reduction  of  a  solution  of  potassium  dichromate,  KjCr^Oj,  by 
adding  the  requisite  quantity  of  sulphuric  acid,  and  passing 
sulphur  dioxide  through  the  solution  : 

K^Cr^O,  -f  H^SO,  +  3SO2  =  K2SO,  +  Cr^CSO  J3  +  H^O. 
1  Recoura,  Compt.  rend.,  1890,  HO,  1029. 
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In  place  of  sulphur  dioxide  any  other  easily  oxidisable 
substance,  such  as  alcohol,  &c.,  may  be  employed,  but  in  this 
case  more  sulphuric  acid  must  be  added.  Chrome  alum  is  now 
obtained  in  large  quantity  as  a  by-product  in  the  manufacture 
of  artificial  alizarine  from  anthracene,  Cj^H^g,  in  which  the 
hydrocarbon  is  treated  with  a  mixture  of  sulphuric  acid  and 
potassium  dichromate,  when  anthraquinone,  Cj^HgOg,  is  formed, 
and  this  is  then  subjected  to  further  treatment.  The  salt  crys- 
tallises in  large  dark  purple-red,  almost  black,  octahedra,  which, 
when  seen  by  transmitted  light,  exhibit  a  ruby-red  colour.  It 
dissolves  in  seven  parts  of  water  at  the  ordinary  temperature. 
The  solution  has  a  dingy  blue  colour,  with  a  tinge  of  red,  which 
when  heated  to  70°  becomes  dark  green.  After  standing  for 
several  months,  however,  it  returns  to  its  ordinary  colour  (see 
below).  Chrome  alum  is  used  in  dyeing  and  calico-printing,  as 
well  as  in  tanning. 

Ammonium  Chromic  Sulphate,  (NH^)2S04,Cr2(SO<i)3,24H20, 
is  obtained  by  crystallising  a  mixture  of  the  two  salts,  or  by 
reducing  ammonium  dichromate  in  presence  of  sulphuric  acid. 
The  salt  is  less  soluble  than  the  potassium  compound,  and 
crystallises  readily  in  fine  ruby-red  octahedra,  which  have  a 
specific  gravity  of  1'738. 

A  number  of  other  crystalline  double  chromic  sulphates,  both 
anhydrous  and  containing  water  of  crystallisation,  have  been 
described.! 

Action  of  Heat  on  Chromic  Sulphate  and  its  Douhle  Salts. — 
When  the  cold  violet  solution  of  chromic  sulphate  is  boiled, 
or  the  crystals  heated  to  100°,  a  green  salt  is  obtained,  which, 
unlike  the  violet  salt,  is  soluble  in  alcohol,  and  does  not  crystal- 
lise on  evaporation.  This  change  has  been  examined  by  many 
chemists,  some  of  whom  have  attributed  it  to  the  formation  of 
an  isomeric  modification,  and  others  to  the  formation  of  a  basic 
salt.  As  with  the  halogen  derivatives,  more  complete  investiga- 
tions, especially  those  of  Eecoura,  have  thrown  much  light  on  the 
nature  of  the  phenomenon.  Recoura^  has  shown  that  in  the  boiled 
solution  one-sixth  of  the  sulphuric  acid  is  in  the  free  state,  and 
that  therefore  the  green  salt  formed  has  the  empirical  formula 

1  Klobb,  Oompt.  rend.,  1893,  117,  311  ;  Bull.  Soc.  chim.,  1893,  [3],  9,  663. 

2  Reooura,  Ann.  Chim.  Phys.,  1895,  [7],  4,  494;  Favre  and  Valson,  Compt. 
rend.,  1872,  74,  1023  ;  Whitney,  Zeit.  phyaikal.  Chem.,  1896,  20,  40  ;  Dougal, 
Joum.  Chem.  Soc,  1896,  69,  1526;  Colson,  Compt.  rend.,  1905,  140,  42; 
1907,  144,  206. 
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2Cr20g,5S03.  When  the  recently  boiled  solution  is  treated  with 
barium  chloride  in  the  cold,  only  one-third  of  the  total  sulphuric 
acid  is  precipitated  as  barium  sulphate.  As  the  whole  of  the 
free  sulphuric  acid  would  be  thus  precipitated,  only  one  of  the 
SO3  groups  in  the  above  compound  is  precipitable  as  barium 
sulphate  in  the  cold,  and  the  remaining  SO3  groups  must  be 
combined  with  the  chromium  to  form  a  complex  basic  radical 
of  which  the  green  salt  is  the  sulphate.  The  change  may  be 
formulated  as  follows : 

2Cr,(SO,)3  +  H,0  =  [Cr,0(SO  J  J"SO,  +  H,SO,. 

In  confirmation  of  this  is  the  fact  that  the  green  salt,  when 
treated  with  an  excess  of  caustic  soda,  yields  the  hydroxide 
Cr20(0H)^.  The  green  salt  may  therefore  be  regarded  as  the 
sulphate  of  the  hypothetical  compound  sulphochromyl  hydroxide, 
[Cr,0(S0JJ(0H)3. 

The  above  green  salt  is  an  unstable  substance,  and  when  the 
solution  is  allowed  to  stand  in  the  cold  it  is  gradually  recon- 
verted into  the  violet  sulphate,  from  which  the  whole  of  the 
sulphuric  acid  may  be  precipitated  by  barium  chloride  in  the 
cold,  and  which  yields  with  caustic  potash  the  trihydroxide, 
Cr(0H)3. 

The  double  salts,  such  as  chrome  alum,  undergo  an  analogous 
reaction  when  their  solutions  are  heated,  and  the  solutions  regain 
their  violet  colour  on  standing  in  the  cold.  It  is  probable  that 
similar  complex  salts  are  formed  in  the  case  ofthe  other  chromic 
salts,  as  their  solutions  become  green  on  boiling  ;  but  in  these 
cases  the  compound  formed  is  much  less  stable,  and  is  immedi- 
ately reconverted  into  the  normal  salt  on  cooling. 

Green  Modifications  of  Chromic  Sulphate.— In  addition  to  the 
above  complex  basic  sulphate,  a  solid  green  salt  of  the  same 
empirical  formula  as  the  normal  violet  salt  is  known,  which, 
however,  possesses  entirely  different  properties.i  This  is  obtained 
by  heating  the  crystals  of  the  violet  salt,  Cr2(SOj3,18H20,  at  90° 
until  they  have  the  composition  Cr2(SOJ3,8H20.2  The  resulting 
green  compound  is  readily  soluble  in  water,  but  the  freshly  pre- 
pared solution  shows  neither  the  ordinary  reactions  of  a  chro- 
mium salt  nor  of  a  sulphate.     In  the  course  of  a   few  days 

'  Reooura,  Ann.  Chim.  Phys.,  1895,  [7],  4,  505. 

2  Compare  Wyrouboff,  Bull.   Soc.   cMm.,   1902,  27,  676;  Colson,    Compt. 
rend.,  1907,  144,  206. 
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the  solution  is  gradually  transformed  into  the  normal  violet 
sulphate. 

Several  green  chromium  sulphates  differing  from  this  green 
salt  of  Recoura  have  been  prepared  by  Colson  ^  by  the  action  of 
sulphur  dioxide  on  chromic  acid  below  0°.  Thus  he  has  obtained 
a  green  salt,  Cr^(SO^)3,6H20,  the  freshly  prepared  solution  of 
which  does  not  react  with  barium  sulphate,  but  rapidly  changes 
into  another  green  sulphate  in  which  ^  of  the  sulphuric  acid  is 
precipitable.  This  is  gradually  transformed  into  a  third  com- 
pound, which  contains  f  of  its  sulphuric  acid  in  a  precipitable 
state,  and  finally  into  violet  chromium  sulphate,  when  all  the 
acid  may  be  precipitated  by  barium  chloride.  This  chemist 
has  put  forward  the  view  that  one  molecule  of  water  enters  the 
molecule  for  each  (SO^)  group  that  becomes  precipitable,  these 
divalent  groups  being  thus  replaced  by  the  monovalent  groups, 
(HSO4)  and  (OH).  Thus  if  the  first  green  salt  be  represented 
by  the  formula  Cr^CSO J3,  the  others  are  Cr2(SOj2(OH)(HSO J, 
Cr3(SO,)(OH),(HSOJ.2,  and  the  violet  salt,  Cr2(OH)3(HSOj3. 
A  cold  solution  of  chromic  sulphate  contains  all  four  salts  in 
equilibrium. 

Recoura's  green  sulphate  combines  with  one,  two,  or  three 
molecules  of  sulphuric  acid,  or  with  the  equivalent  quantities  of 
a  sulphate,  yielding  substances  from  which  no  barium  sulphate 
can  be  obtained  by  precipitation  in  the  cold ;  these  may'  be  re- 
garded as  the  complex  acids,  chromosulphuric  acid,  [Cr2(SO^)4]H2, 
chromodisulphuric  acid,  [Cr2(S04)5]H4,  and  chromotrisulpMiric 
acid,  [Cr2(S04)p]E[g,  or  their  salts.  These  are  quite  stable  in  the 
dry  state  and  in  dry  air,  but  in  solution  gradually  undergo  con- 
version into  the  normal  chromium  salts.  The  alkali  chromo- 
sulphates  are  isomeric  with  the  chrome  alums,  from  which  they 
may  be  readily  obtained  by  heating  the  crystals  of  the  latter  for 
some  time  at  90°.  Potassium  chromosulphate,  [Cr2(S0J  JKgj^HjO, 
is  thus  obtained  as  a  green  salt  which  dissolves  slowly  but  com- 
pletely in  cold  water.  An  analogous  series  of  acids  has 
been  prepared  by  the  union  of  Recoura's  green  sulphate  with 
chromic  acid.  These  have  the  compositions  Cr2(S04)3,Cr04H2 ; 
Cr2(SOj3,2CrO,H2;  and  Cr2(SO,)3,3CrO,H2,  and  are  called  the 
chroviosulphochromic  acids.^ 

The  constitution  of  the  green  sulphate  obtained  by  heating 

1  CompLrend.,  1905,  140,42;  141,  119,  331,  1024;  1906,142,  402;  1907, 
144,  79. 

2  Recoura,  jBidl.  Soe.  chem.,.18Q7,  [3],  17,  934. 
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the  solid  violet  sulphate  is  at  present  unknown,  but  Recoura 
regards  it  as  corresponding  to  the  crystalline,  green  chloride 
described  above,  whilst  Colson  ^  has  suggested  that  it  is  a  con- 
densed sulphate. 

Stdphochromic  Hydroxide,  [(S03)^Cr202](OH)2. — When  Re- 
coura's  green  sulphate  is  treated  with  four,  five,  or  six  mole- 
cules of  sulphuric  acid,  and  the  product  heated  for  some  time  to 
1 15°,  transparent,  vitreous  products  are  obtained,  having  a  bottle- 
green  colour,  much  less  distinct  than  that  of  the  other  green 
chromium  derivatives.  These  dissolve  in  water,  forming  opaline 
solutions  having  a  slight  yellowish-green  colour,  which  yield 
precipitates  with  all  solutions  of  metallic  salts,  including  those 
of  the  alkali  metals.  The  solution  of  the  product  obtained  by 
heating  the  green  sulphate  with  four  molecules  of  sulphuric 
acid  gives,  for  example,  a  precipitate  with  potassium  chloride 
having  the  composition  [(S03)^Cr202](OK)2,  and  with  cupric 
chloride  one  of  the  composition  [(S03)^Cr202]02Cu.  In  all 
these  salts  the  metal  is  in  combination  with  the  chromium  and 
not  with  the  sulphuric  acid,  as  on  treatment  with  an  excess  of 
alkali  they  yield  the  chromites,  the  reaction  with  the  copper 
salt  being  as  follows : 

[(S03),Cr202]02Cu  -1-  8NaOH  =  4Na2SO,  +  Cr203,CuO-F4H30. 

They  &je  therefore  termed  the  sulphochromites} 

'Sulphochromic  hydroxide  itself  has  been  prepared  by  heating 
the  compound  of  chromic  sulphate  with  four  molecules  of  sul- 
phuric acid  to  140-150° ;  it  is  a  grey,  amorphous  substance,  is 
soluble  in  water,  and  has  a  heat  of  neutralisation  higher  than  that 
of  sulphuric  acid  (Recoura).^ 

Chromium  and  Nitrogen,  Phosphorus,  and  Boron. 

480  Chromnim  Nitride,  NCr,  is  formed  by  the  direct  union  of 
its  elements  at  a  red  heat  *  ;  and  also  by  passing  ammonia  over 
heated  chromic  chloride.  It  is  a  brownish-black  powder,  which 
takes  iire  and  burns  when  heated  to  200°  in  the  air  or  in 
oxygen.  Cold  chlorine  does  not  act  upon  it,  but  when  heated 
in  this  gas  small  explosions  first  occur  owing  to  formation  of 

1  Oompt.  rend.,  1907,  144,  206. 

2  Recoura,  Ann.  Chim.  Phys.,  1895,  [7],  4,  516. 

*  See  also  Calvert  and  Ewan,  Proc.  Chem.  Soc,  1896,  12,  160. 
■■  Brieglieb  and  Geuther,  Annalen,  1862,  123,  239. 
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nitrogen  chloride,  and  at  last  chromic  chloride  remains.  It  does 
not  undergo  change  on  ignition  in  hydrogen  or  in  aqueous 
vapour,  and  is  not  attacked  by  caustic  potash,  hydrochloric 
acid,  or  nitric  acid.  Concentrated  sulphuric  acid  converts  it 
into  the  sulphates  of  ammonium  and  chromium  : 

2CrN  +  4H2SO,  =  Cr2(SO,)3  +  (NHJ^SO,. 

Chroviic  Nitrate,  Cr(N03)3,9H20,  is  obtained  by  dissolving 
the  hydroxide  in  nitric  acid,  and  crystallises  in  oblique,  purple- 
red  prisms.  The  solution,  like  that  of  the  sulphate,  turns 
green  on  boiling,  and  on  evaporation  dries  to  a  green,  amorphous 
mass.     The  green  solution  at  once  becomes  violet  on  cooling. 

Chromium  Phosphide,  PCr,  is  obtained  by  passing  the  vapour 
of  phosphorus  over  ignited  potassium  chromate,  or  by  heating 
chromic  chloride  vrith  phosphorus  in  hydrogen.'^  On  lixiviating 
the  black  fused  mass  with  vs^ater,  a  grey,  crystalline  powder  re- 
mains behind,  having  a  metallic  lustre,  and  possessing  the  above 
composition.  It  has  the  specific  gravity  of  5"71  (Maronneau),^ 
and  when  heated  in  oxygen  takes  fire,  and  burns  with  formation 
of  chromic  phosphate. 

Chromic  Phosphates. — When  a  solution  of  sodium  hydrogen 
phosphate  is  added  to  an  excess  of  chrome  alum  a  gelatinous 
precipitate  is  formed  which  on  standing  for  48  hours  is  trans- 
formed into  dark -violet  crystals  of  the  phosphate  ^  CrPO^.GHgO. 
A  violet,  non- crystalline  compound  of  the  same  composition  is 
obtained  if  an  excess  of  sodium  hydrogen  phosphate  is  used. 
When  dried  at  100°  it  loses  water  and  becomes  green.  A  green 
phosphate  probably  identical  with  this  product  is  obtained  by 
the  addition  of  an  excess  of  the  phosphate  to  chromic  chloride 
solution ;  the  composition  of  this  is  CrPO^jSHgO  according 
to  Rammelsberg,  or  2CrP04,5H20  according  to  Bloxam,  whilst 
Schifif  states  that  the  crystalline  phosphate  loses  3  molecules  of 
water  at  100°.  A  green  compound,  CrP04,2H20,  is  also  ob- 
tained when  the  crystalline  violet  salt  is  treated  Avith  acetic 
anhydride  (Schiff).  If  chromic  hydroxide  is  dissolved  in  excess 
of  phosphoric  acid  and  the  solution  evaporated  and  heated  to 
316°,  chromic  metaphosphate,  Cr(P03)3,  is  obtained,  which  has 
been  employed  as  a  green  pigment. 

Chromium  Borides. — Two  chromium  borides  have  been  pre- 

1  Granger,  Compt.  rend.,  1897,  124,  190. 

2  Compt.  rend.,  1900,  130,  656. 

■*  Schiff,  Zeit.  anorg.  Chem.,  1905,  43,  304. 
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pared  by  heating  the  elements  together  in  the  electric  furnace ;  ^ 
these  have  the  formulae  CrB,  and  CrgBg,  and  are  grey 
crystalline  substances. 

Chromium  and  Carbon  and  Siijcon. 

481  Ghromium  Carbides. — When  chromium  is  heated  with  an 
excess  of  carbon  in  the  electric  furnace  the  carbide,  C^Crg,  is 
formed,  which  crystallises  in  brilliant  plates  having  a  fatty 
lustre,  a  specific  gravity  of  5'62,  and  a  hardness  intermediate 
between  that  of  topaz  and  corundum.  The  crystals  are  not 
attacked  by  concentrated  or  dilute  acids  with  the  exception  of 
dilute  hydrochloric  acid,  which  dissolves  them  slowly.  Water 
has  no  action  on  it  at  100°.  A  second  carbide,  CCr^,  is  sometimes 
found  on  the  ingots  of  metallic  chromium  prepared  in  the 
electric  furnace,  in  needles  10-20  mm.  long.  These  have  a 
specific  gravity  of  6'75,  and  a  hardness  rather  greater  than  that 
of  quartz.^ 

Cyanogen  Compounds  of  Chromium.  Potassium  Chroma- 
cyanide,  K^[Cr(CN)g],2H20,  is  obtained  by  the  action  of 
potassium  cyanide  on  chromous  acetate,  and  forms  blue  crystals. 
It  is  soluble  in  water,  and  on  exposure  to  air  passes  into  the 
next  compound. 

Potassium,  Chromicyanide  or  Potassium  Heocacyano-chromite, 
K8[Cr(CN)g],  forms  light  yellow,  monoclinic  crystals,  obtained  by 
pouring  a  solution  of  chromic  acetate  into  a  boiling  solution  of 
potassium  cyanide. 

A  number  of  chromocyanides  of  other  metals  have  also  been 
prepared.^ 

Chromic  Thiocyanate,  Cr(SCN)3.— Chromic  hydroxide  dissolves 
in  thiocyanic  acid,  yielding  a  greenish-violet  solution  which 
when  concentrated  over  sulphuric  acid  dries  to  a  dark-green, 
amorphous,  deliquescent  mass.  It  forms  a  series  of  characteristic 
double  salts,  which  are  probably  to  be  regarded  as  salts  of  a 
complex  acid  radical  containing  chromium.* 

Potassium  Chromithiocyanate  or  Potassium  Hexathiocyano- 
chromite,  K3[Cr(SCN)J,4H20,  is  formed  by  heating  a  moderately 

1  Tucker  and  Moody,  Journ.  Chem.  Soc,  1902,  81,  16  ;  Binet  du  Jassonncix, 
Gompt.  rend.,  1906,  143,  897  ;  Wedekind  and  Fetzer,  Ber.,  1907,  40,  297. 

2  Moissau,  Compt.  rend.,  1894,  119,  185. 

3  Fischer  and  Benzian,  Cliem.  Zeit.,  1902,  26,  49 ;  Cruser  and  Miller, 
/.  Amer.  Chem.  Soc,  1906,  28,  11.32. 

*  Rosier,  Annalen,  1867,  141,  185. 
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concentrated  solution  of  6  parts  of  potassium  thiocyanate  and  5 
parts  of  chrome  alum  for  2  hours  at  the  boiling  point :  the  sul- 
phates formed  are  precipitated  by  addition  of  alcohol,  the  filtrate 
evaporated  and  the  residues  recrystallised  from  alcohol.  It  forms 
tetragonal  almost  black  crystals,  which  appear  ruby-red  by  trans- 
mitted light,  and  dissolve  very  readily  in  water  and  alcohol,  form- 
ing wine-red  solutions.  It  is  decomposed  by  alkalis  and  warm 
hydrochloric  acid.  The  solution  gives  precipitates  of  analogous 
compounds  with  lead  and  silver  salts.-'- 

Chromium  and  Silicon. — Several  silicides  of  chromium  have 
been  described :  these  are  all  prepared  by  heating  chromium 
with  silicon,  or  a  mixture  of  silica  and  chromic  acid  with  carbon 
or  copper  and  aluminium  in  the  electric  furnace.  In  this 
way  the  compounds  SigCr,  Si2Cr3,  SiCrj,  and  SiCrj  have  been 
obtained.^  The  compound,  SigCrg,  is  also  formed  when  silicon 
chloride  is  heated  for  some  time  in  contact  with  chromium.^ 


Ammoniacal  and  Othee  Complex  Compounds 
OF  Chromium. 

482  The  salts  of  chromium  readily  combine  with  ammonia 
or  substituted  ammonias  to  form  complex  salts.  These  contain 
for  each  atom  of  chromium,  up  to  six  molecules  of  ammonia 
and  often  other  elements  or  groups  of  elements  united  with  the 
metal  to  form  a  complex  radical,  which  usually  acts  like  a 
mono-,  di-,  or  tri-valent  metal,  but  may  also  have  an  acid 
function  or  be  neutral.  These  complex  salts  are  capable  of 
undergoing  numerous  double  decompositions,  giving  rise  to 
a  large  number  of  derivatives,  among  which  many  cases  of 
isomerism  occur.  Analogous  compounds  are  formed  by  other 
metals,  in  particular,  cobalt  and  the  metals  of  the  platinum 
group,  and  these  are  included  in  the  following  statement. 

These  compounds  do  not  give  the  ordinary  reactions  of  the 
metal,  and  in  many  cases  this  is  also  true  of  some  or  all  of  the 
acid  radicals  they  contain.  This  is  accounted  for,  as  already 
explained  (pp.  37-38),  by  supposing  that  in  these  latter  cases, 
the  acid  radical  forms  part  of  the  complex  group  containing 

1  Rosier,  Annalen,  1867,  141,  185. 

2  Moissai),  Compt.  rend.,  1895,  121,  621  ;  de  Chalmot,  Amer.  Chem.  J., 
1897,  19,  69;  Zettel,  Compt.  rend.,  1898,  126,  833;  Lebeau  and  Figueras, 
ibid.,  1903,  136,  1329. 

3  Vigouroux,  Compt.  rend.,  1907,  144,  83. 
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the  metal,  whereas  those  acid  radicals  which  give  the  ordinary 
reactions  are  not  contained  in  this  group. 

The  constitution  of  these  complex  radicals  is  still  under 
discussion,  two  different  views  being  held.  According  to  one 
of  these  (Blomstrand,  Jorgensen)  the  metal  retains  its  charac- 
teristic valency  in  all  the  compounds,  the  molecules  of  ammonia 
being  attached  to  the  metal  in  open  chains  by  virtue  of  the 
pentavalent  character  of  nitrogen.  That  portion  of  the  acid 
radicals  which  does  not  retain  its  ordinary  properties  is  directly 
connected  with  the  metal,  whilst  the  other  portion  is  combined 
with  nitrogen.  Water  may  take  the  place  of  one  or  more  of  the 
ammonia  groups,  the  oxygen  atom  being  supposed  to  be  tetra- 
valent.  The  compound  Cr(NH3)5Cl3,  in  which  only  two  of  the 
chlorine  atoms  are  precipitable  by  silver  nitrate  in  aqueous 
solution,  would  thus  receive  such  a  constitutional  formula  as 

Cr— NH3.NH3.CI 
'^NHg.NHg.NHg.Cl 

The  existence   of  isomerides  may   be  readily   expressed  by  a 
variation  in  the  arrangement  of  the  various  groups. 

The  second  view  is  that  proposed  by  Werner,^  who  classifies 
these  compounds  on  the  theory  of  principal  and  supplementary 
valency,  an  account  of  which  has  already  been  given  (p.  37), 
and  which  he  has  since  modified  in  some  few  details. 
According  to  this  theory,  in  the  compound  [Cr(NH3)g]Cl3, 
for  example,  the  ammonia  gi-oups  are  all  united  or  co-m-dinated 
with  the  chromium  atom  by  means  of  its  supplementary 
valencies,  whilst  the  chlorine,  according  to  Werner's  more 
recent  view,  is  combined  with  the  complex  radical  as  a 
whole,  without  being  attached  to  any  particular  atom  in 
it,  and  is  said  to  be  in  indirect  combination  with  this 
radical.  The  ammonia  groups  may  be  either  partially  or 
entirely  replaced  by  acid  groups  such  as  CI,  NO2,  SON,  etc., 
yielding  a  large  number  of  compounds,  which  always  contain 
6  groups  in  the  complex  radical.  The  valency  of  the  complex 
radical  is  easily  ascertained  from  the  number  and  character 

1  Annalen,  1902,  322,  261  ;  Neitere  Anschauungen  auf  dem  Gebiete  der 
anorganische  Chemie,  p.  58  (Vieweg  and  Sohn,  Brmnschweig,  1905).  See 
also  Ber.,  1907,  40,  15,  where  a  full  account  of  the  literature  on  the  subject 
is  given. 
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of  the  groups  within  it.  If  the  number  of  monovalent  acid 
radicals  be  less  than  the  principal  valency  of  the  atom  of 
the  metal,  the  complex  radical  is  basic  and  capable  of  com- 
bining with  a  number  of  acid  radicals  equal  to  the  difference. 
If,  however,  it  be  greater,  the  complex  radical  has  an  acid 
character  and  is  capable  of  combining  with  monovalent  basic 
radicals  equal  in  number  to  the  excess  of  the  number  of  mono- 
valent acid  radicals  over  the  principal  valency  of  the  metal. 
When  the  number  in  the  complex  radical  is  equal  to  the 
principal  valency  of  the  metal,  the  compound  is  a  neutral 
substance. 

This  is  illustrated  in  the  following  series  of  compounds 
derived  from  trivalent  chromium,  X  representing  a  monovalent 
acid,  and  R  a  monovalent  basic  radical : 

[Cr(NH3)e]X3  [Cr(NH3)3(SCN)3J 

[Cr(NH3)5(SCN)]X2  [Cr(NH3)2(SCN)JR 

[Cr(NH3),(SCN)2]X  [Cr(NH3)(SCN)JR,  (unknown) 

[Cr(SCN)JR3. 

As  already  explained  (p.  37),  the  electrolytic  dissociation  and 
the  reactions  of  these  compounds  in  solution  correspond  with 
these  formulae. 

Compounds  are  also  known,  derived  from  the  divalent  atom 
of  the  metal,  in  which  the  complex  radical  contains  six  mono- 
valent acid  groups,  and  is  therefore  capable  of  uniting  with 
four  basic  radicals,  an  example  being  potassium  ferrocyanide, 
[Fe"(CN)«]K,. 

Cases  of  isomerism  are  known  among  these  compounds, 
which  depend  on  the  position  of  the  acid  radicals  within  or 
without  the  complex  radical,  and  such  isomerides,  from  the 
fact  that  they  dissociate  differently  in  solution,  are  called 
ionisation  meiamerides.  An  example  of  this  kind  is  found  in 
the  cobalb  salts : 

[Co(SOJ(NH3)JBr  and  [CoBr(NH3)5]SO,. 

Isomerism  may  also  be  due  to  the  geometrical  arrangement 
of  the  co-ordinated  groups  around  the  central  metal  atom.  In 
the  case  of  the  platinous  compounds,  in  which  only  four  groups 
are  co-ordinated,  these  are  accounted  for  by  supposing  that  the 
radicals  are  arranged  in  one  plane  about  the  platinum  atom. 
Isomerides  are  then  possible  only  when  the  complex  group  has 
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the  general  formula  PtRgXj,  the  possible  cases  being  represented 
by  the  two  following  diagrams  : 

R      X  R      X 


Pt  Ft 


R      X  X      R 

Asymmetric  or  Cis-form.     Symmetric  or  Trans-form. 
(Platosemidiammine.)  (Platosammine). 

In  complex  radicals  of  the  type  [MeR^Xj],  the  metal  may  be 
regarded  as  situated  at  the  centre  of  a  regular  octahedron  the 
corners  of  which  are  occupied  by  the  co-ordinated  groups.  Two 
isomerides  are  then  possible,  the  trans-  or  symmetrical  form  in 
which  the  groups  X,  X  are  situated  at  opposite  ends  of  a  diagonal 
of  the  figure,  and  the  cis-  or  asymmetric  form  in  which  they  are 
at  adjacent  corners.  The  compound  [CrCljEnjJX,  containing 
the  divalent  substituted  ammonia  ethylenediamine  (En),  forms 
two  such  isomerides.  Many  compounds  are  also  known  which 
are  formed  by  the  union  of  one  or  more  basic  complex  radicals 
with  one  or  more  acid  complex  radicals.  In  this  way  isomerides 
may  be  obtained  which  differ  in  the  complex  radicals  they 
contain,  and  these  are  known  as  co-ordination  isomerides, 
as,  for  example,  the  compounds  [Cr(NH3)g].[Cr(SCN)g]  and 
[Cr(NH3X(SCN),].[Cr(NH3)2(SCN)J.  In  a  similar  manner 
polymerides  termed  co-ordination  polymeondes  may  be  formed, 
such  as  [Cr(NH3)3(SCN)3]  and 

[Cr(NH3),(SCN)].[Cr(NH3),(SCN)J.,. 

Further,  hydrated  compounds  exist,  which  may  be  regarded 
as  ammoniacal  compounds  in  which  the  ammonia  groups  in  the 
complex  radical  are  partially  or  entirely  replaced  by  the  group 
(OH2).  An  example  of  this  is  seen  in  the  following  series  of 
compounds : 

[Cr(NH3),]C]3;  [Cr(OH,),(NH3)JC]3  &c.  .  .  .  [Cr(0H,)e]Cl3, 
the  last  compound  being  the  violet  or  blue  hexahydrated 
chromic  chloride.  In  these  compounds  the  chlorine  may  be 
made  to  pass  into  the  complex  radical,  thereby  replacing  an 
(OH2)  group,  thus : 

[Cr(OH2)(NH3)  JC13  =  [CrCKNHg)  JCI2  -f  H^O. 

In  a  similar  manner  two  (OH2)  groups  in  the  complex  radical 
of  the  violet  chloride  may  be  replaced  by  chlorine,  yielding  a 
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chloride  which  crystallises  with  two  piolecules  of  water  to  form 
the  green  hexahydrated  chromic  chloride,  and  this  therefore  has 
the  constitution  [CrCl2(OH2)JCl,2H„0.i 

The  third  isomeric  hexahydrated  chromic  chloride  has  been 
found  to  have  the  constitution  [CrCl(OH2)5]Cl2,H20.  These 
facts  are  borne  out  by  the  manner  in  which  the  three  chlorides 
are  ionised  in  solution,  and  by  their  behaviour  to  silver  nitrate. 

The  ammonia  compounds  are  known  as  the  ammines,  this 
spelling  of  the  word  being  adopted  to  avoid  confusion  with  the 
organic  amines,  which  have  an  entirely  different  constitution. 
The  nomenclature  of  these  compounds  was  originally  founded  on 
the  colours  characteristic  of  the  various  compounds,  terms  such 
as  roseo-,  praseo-,  luteo-,  croceo-,  fusco-,  xantho-,  &c.,  having  been 
employed.  A  much  more  rational  proposal  has  been  made  by 
Werner,  the  principle  of  which  is  that  the  names  of  the  various 
groups  contained  within  the  complex  radical  precede  that  of 
the  metal,  whereas  those  of  the  external  group  follow  it,  this 
being  nothing  more  than  an  adaptation  of  the  nomenclature 
frequently  employed  for  organic  compounds. 

Thus  the  well-known  cobalt  compound  [Cl(NH3)gCo]Cl2, 
formerly  known  as  purpureocobaltic  chloride,  receives  the  name 
chloro-pentammine-cobaltic  dichloride,  whilst  the  compound 
[(OH2)(NH3)5Co]Cl3  (roseocobaltic  chloride)  becomes  aquo- 
pentammine-cobaltic  tiichloride,  just  as  the  organic  compound 
[CgHgClj-CngJCl  is  termed  dichloro-benzyl  chloride.^ 

Only  a  few  examples  of  the  chromammines  are  here  described.^ 

Hexammine-chromium  salts,  [Cr(NH3)g]X'3,  are  prepared  by 
the  action  of  ammonia  on  many  of  the  salts  containing  five 
molecules  of  ammonia. 

Ghloropentammine-chromiu')n  salts  (pnrpureo-salts), 
[CrCl(NH3)JX\,. 

1  See  also  Bjerrum,  Ber.,  1907,  40,  2917. 

^  Some  of  the  metals  form  more  than  one  series  of  complex  derivatives, 
corresponding  to  the  diiferent  series  of  simple  salts.  In  order  to  distinguish 
these  compounds  a  special  nomenclature  has  been  introduced  by  Werner 
(Neuere  Anschauungen,  p.  73),  according  to  which  the  valency  of  the  metal  is 
designated  by  the  letters  -a,  -o,  -i,  -e,  -an,  -on,  -in,  -en  for  mono-,  di-,  tri-, 
tetra-,  penta-,  hexa-,  hepta-,  and  octo-valent  elements  respectively.  Thus 
among  the  complex  halogen  derivatives  of  the  platinum  metals,  the  compound 
Kj[PtCl4]  is  known  as  potassium  telrachloroplatinoate,  KjCRhCle]  as  potassium 
hexachlororhodJate,  and  K2[PtClc]  as  potassium  hexachloroplatineate.  This 
system  has  been  adopted  to  some  extent  in  Germany,  but  has  not  come  into 
general  use  in  England. 

*  A  full  account  of  the  literature  on  this  subject  is  given  by  Werner,  Ber., 
1907,  40,  15. 
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The  chloride  of  this  series  together  with  cMoraqtw-tetrammine- 
chromiwn  chloride,  [Cr(OH2)Cl(NH3)JCl2,  is  formed  by  the 
action  of  liquid  ammonia  on  violet  chromic  chloride.  Other 
compounds  of  this  class  are  the  thiocyano-,  nitrato-,  and  aquo- 
pentammine-chromium  salts. 

Trithiocyanotriammine-chromimn,  [Cr(SCN)3(NH3)3J,  is 
formed  together  with  the  tetrammine  compound  when  the 
thiocyanate  of  the  thiocyanopentammine  compound  is  heated. 

Tetrathiocyanodiammine-chromites,  [Cr(SCN)4(NH3)2]R'. — 
When  finely-divided  potassiurp  dichromate  is  added  to  fused 
ammonium  thiocyanate  ammonia  is  evolved,  and  the  whole  mass 
solidifies.  When  this  is  treated  with  water,  filtered,  and  a  few 
lumps  of  ammonium  chloride  added,  scales  of  the  salt 
[Cr(SCN),(NH3)JNH,  separate  out. 

This  salt  crystallises  from  solution  on  slow  evaporation  in  dark- 
red,  rhombic  dodecahedra,  which  have  the  exact  appearance  of 
small  garnets.  When  warmed  with  caustic  potash  these  yield 
the  corresponding  potassium  salt,  [Cr(SCN)4(NH3)2]K,  which 
crystallises  from  water  in  lustrous,  red  scales.  The  free  acid, 
[Cr(SCN)^(NH3)2]H,  is  obtained  by  the  action  of  sulphuretted 
hydrogen  on  the  mercury  salt  and  crystallises  with  one  molecule 
of  water  in  lustrous,  red  plates. 

A  number  of  compounds  have  been  described  which  contain 
organic  amines  such  as  pyridine,  ethylenediamine,  &c.,  in  the 
complex  radical  in  place  of  ammonia. 

Asymmetric  Chromium  Compounds. — The  co-ordinated  com- 
pounds of  chromium  show  a  close  analogy  with  those  of  cobalt, 
and  the  discovery  of  optically  active  cobalt  compounds  pointed  to 
the  conclusion  that  if  it  were  possible  to  obtain  corresponding 
chromium  compounds,  these  also  should  be  capable  of  resolution 
into  components  which  were  optically  active.^  Werner  has 
succeeded  in  preparing  such  a  series,  the  1 :  2-dichlorodiethylene- 
diaminechromic  salts,  [ClgCr  en2]X,  and  has  separated  them  into 
their  optically  active  components.  The  two  enantiomerides  are 
represented  by  the  configuration  formulre : 


CI 


/ 

L 

/ 

/ 
/ 

01  CI 


l/e. 


1  Werner,  Ber.,  1911,  44,  3231. 
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(I)  shows  molecular  asymmetry  similar  to  that  in  the  case  of 
1 : 2-dinitro-  and  of  1 :  2-dichloro-diethylenediaminecobaltic  salts. 
Like  the  corresponding  cobaltic  salts  the  chromic  salts  are  very 
unstable  in  aqueous  solution.  The  active  chromic  salts  show  a 
much  smaller  rotatory  power  than  the  corresponding  cobaltic 
compounds. 

Detection  and  Estimation  of  Chromium. 

483  Chromium  oxide  is  frequently  detected  in  its  insoluble 
compounds  by  its  characteristic  green  colour,  as  well  as  by  the 
fact  that  it  forms  an  emerald-green  bead,  both  in  the  oxidising 
and  reducing  flames,  with  borax  or  microcosmic  salt.  On  fusion 
with  soda  and  saltpetre  a  yellow  mass  is  obtained,  which  is 
soluble  in  water,  and  the  solution  acidified  by  acetic  acid  yields 
a  yellow  precipitate  with  soluble  lead  salts.  Caustic  potash  or 
soda  gives  a  green  precipitate  in  solutions  of  chromic  salts. 
This  dissolves  in  an  excess  of  alkali  in  the  cold,  but  is  com- 
pletely precipitated  on  boiling  the  solution.  This  reaction  is 
sometimes  employed  for  the  separation  of  chromium  from 
aluminium,  metals  which  are  obtained  together  in  the  course 
of  analysis.  If,  however,  the  solution  contains  large  quantities 
of  a  zinc  or  magnesium  salt,  alkalis  produce  insoluble  chrom- 
ites  of  these  metals,  and  these  are  precipitated  in  the  following 
operations,  together  with  iron.  In  this  case  the  precipitate 
may  be  boiled  with  sodium  hypochlorite  or  sodium  peroxide,  or 
fused  with  saltpetre  and  sodium  carbonate,  the  fused  mass 
dissolved  in  water,  and  the  clear  solution  tested  for  a  chromate. 
The  detection  of  chromic  acid  is  rendered  easy  by  the  bright 
yellow  or  red  colour  of  its  salts.  The  yellow  colour  of  the  normal 
chromates  becomes  red  on  the  addition  of  an  acid,  and  again  yellow 
when  made  alkaline.  Silver  nitrate  produces  with  the  normal 
chromates  a  purple-red,  and  with  the  dichromates  a  dark-red 
precipitate,  both  being  easily  soluble  in  ammonia  and  in  dilute 
nitric  acid.  Barium  chloride  gives  a  pale  yellow  precipitate 
with  solutions  of  the  normal  chromates,  and  lead  acetate  throws 
down  a  pale  yellow  powder,  insoluble  in  nitric  acid,  turned  red 
by  a  slight  excess  of  caustic  potash,  and  soluble  in  a  large  excess 
of  this  reagent,  and  from  this  solution  acetic  acid  again  pre- 
cipitates chrome-yellow.  All  the  chromates  are  converted  by 
reducing  agents  into  the  chromic  salts.  When  they  are  distilled 
in  the  dry  state  with  common  salt  and  sulphuric  acid,  they  yield 
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red  vapours  of  chromyl  chloride,  which  condense  to  a  dark-red 
liquid,  becoming  yellow  on  saturation  with  ammonia. 

The  chromium  salts  do  not  impart  any  colour  to  the  non- 
luminous  gas  flame.  The  spark  spectrum  of  the  metal  is  a 
complicated  one,  the  brightest  lines  being  5208"8,  5207'4, 
5204-7  in  the  green,  and  4289-9,  4275-0, 4254-5  in  the  dark  blue. 

In  order  to  estimate  chromium  gravimetrically  in  the  chrom- 
ium salts,  a  hot  solution  is  precipitated  with  a  small  excess  of 
ammonia,  the  solution  boiled  till  the  free  ammonia  is  nearly 
all  expelled,  and  the  precipitate  well  washed  with  hot  water, 
dried,  ignited,  and  weighed  as  chromic  oxide.  In  the  chromates 
the  chromium  is  either  estimated  by  precipitating  in  acetic 
acid  solution  with  lead  acetate,  and  weighing  the  precipitated 
lead  chromate  ignited  at  a  dull  red  heat,  or  the  solution  is 
mixed  with  hydrochloric  acid  and  alcohol,  or  treated  with 
sulphur  dioxide,  in  order  to  form  chromic  chloride,  which  is 
then  treated  as  above.  Another  good  method  is  to  precipitate 
the  neutral  solution,  or  one  made  slightly  acid  by  nitric  acid, 
with  mercurous  nitrate,  and  to  convert  the  washed  and  dried 
precipitate  by  ignition  into  chromic  oxide. 

Soluble  chromates  may  also  be  estimated  volumetrically 
by  determining  the  amount  of  a  solution  of  a  ferrous  salt  which 
a  known  quantity  can  convert  into  a  ferric  salt,  the  converse  of 
this  process,  viz.,  the  titration  of  a  solution  of  a  ferrous  salt  with 
standard  potassium  dichromate,  being  employed  for  the  volu- 
metric estimation  of  iron.  A  standard  dichromate  solution  is 
also  largely  employed  in  other  volumetric  processes  in  which 
the  reaction  is  one  of  oxidation. 

For_the  valuation  of  chrome  iron  ore  a  large  number  of 
different  methods  have  been  proposed.  The  mineral  is  first 
fused  with  an  alkali  and  oxidising  agent,  such  a,s  borax  or  sodium 
carbonate  and  nitre,  or  with  sodium  peroxide,  in  order  to 
convert  the  chromium  into  a  soluble  chromate,  which  may  be 
then  estimated  by  the  methods  already  mentioned.  For  details, 
works  on  analytical  chemistry  must  be  consulted. 

Atoviic  Weight  of  Ghromium. —The  older  atomic  weight 
determinations  gave  varying  results,  owing  to  the  inexact 
methods  and  impure  material  employed.  Berlin  ^  obtained 
the  number  52-5  by  the  analysis  of  silver  chromate,  whilst 
Kessler  obtained  52-3  from  the  determination  of  the  equivalent 


1  Annalen,  1844,  56,  207 ;  1845,  60,  182. 
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quantities  of  potassium  dichromate  and  potassium  chlorate 
required  to  oxidise  arsenious  oxide  to  pentoxide.^  Siewert^ 
found  52'07  by  the  analysis  of  violet  chromic  chloride  and  of 
silver  dichromate,  and  Baubigny  *  got  5214  by  the  conversion 
of  chromic  sulphate  into  the  trioxide.  Kawson,  *  by  the  con- 
version of  pure  ammonium  dichromate  into  chromium  trioxide, 
found  the  value  52'15,  and  Meineke^  obtained  the  average 
figure  52'12  by  estimating  (1)  the  quantity  of  silver  and 
chromium  in  silver  chromate  and  ammonio-silver  chromate ; 
(2)  the  quantity  of  oxygen  in  these  two  compounds;  (3)  the 
quantity  of  oxygen  in  potassium  dichromate ;  and  (4)  the 
quantity  of  oxygen  and  of  chromium  in  ammonium  dichromate. 
More  recently,  Baxter  and  others,"  by  reducing  silver  chromate 
or  dichromate  with  sulphurous  acid  or  hydrazine  sulphate,  and 
then  precipitating  the  silver  as  chloride  or  bromide,  have  found 
51'995  for  the  atomic  weight  of  chromium.  The  value  now 
(1913)  adopted  is  52-0. 


MOLYBDENUM.     Mo  =  96-o. 

484  The  name  Molyhdwna,  which  occurs  in  the  writings  of 
Dioscorides  and  Pliny,  is  derived  from  the  Greek  word 
fi6\v^Bo<i,  lead,  and  was  originally  employed  for  the  designa- 
tion of  a  variety  of  substances  containing  lead.  At  a  later 
time  the  name  was  used  to  signify  galena  or  substances 
similar  in  appearance  to  this  body,  and  to  these  the  name  of 
plumbago  or  black  lead  was  also  given.  Even  sulphide  of 
antimony  and  pyrolusite,  to  which  latter  mineral  Linnaeus  gave 
the  name  of  molybdsenum  magnesii,  were  also  classed  among 
the  same  group  of  bodies.  At  a  still  later  period  this  word 
was  applied  solely  to  graphite  and  to  the  mineral  sulphide 
of  molybdenum,  which  is  extremely  similar  in  its  appearance 
to  graphite. 

The  difference  between  plumbago  and  the  sulphide  of 
molybdenum  was  first  pointed  out  by  Scheele  in  his  treatise  oii 
"MolybdEena"  in  1778,  and  in  another  on  "Plumbago"  in 
1779.''     By  heating   the  former  mineral  with  nitric   acid   he 

1  Fogg.  Ann.,  1861,  113,  137.  ^  ^^eit.  ges.  Naturwiss. ,  1861,  17,  530. 

3  Cmn/pt.  rend.,  1884,  98,  146.  *  Jmmi.  Chem.  Soc,  1889,  55,  213. 

'  Annahn,  1891,  261,  339.         «  J.  Amer.  Ohem.  Soc,  1909,  31,  529,  541. 
'  Vetenak.  Acad.  Handl. 
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obtained  sulphuric  acid,  together  with  a  peculiar  white  earth 
which  he  recognised  as  an  acid-forming  oxide,  and  termed 
acidum  molyhdcence,  and  he  assumed  that  the  mineral  was  a  com- 
pound of  this  acid  with  sulphur.  In  1781  Bergman  suggested 
that  the  earth  was  probably  a  calx  of  a  metal,  and  in  1782  he 
wrote  that  Hjelm  had  succeeded  in  preparing  the  metal,  though 
the  details  of  the  experiments  were  first  made  known  in  1790. 

Another  mineral  containing  molybdenum  is  the  yellow  molyb- 
date  of  lead  or  wulfenite  first  found  in  Carinthia.  This  was 
investigated  by  the  elder  Jacquin,  and  he  showed  that  it 
contained  lead,  but  was  doubtful  as  to  the  nature  of  the  acid 
with  which  this  metal  was  combined.  Salzwedel,  who  analysed 
it  in  1790,  believed  that  it  was  a  lead  salt  of  tungstic  acid,  but 
Klaproth  in  1797  ascertained  its  true  composition.  The  com- 
pounds of  molybdenum  were  then  more  accurately  examined 
by  Berzelius. 

Molybdenum  is  usually  found  as  molybdenite,  MoSj ;  also  as 
wulfenite,  PbMoO^;  it  occurs  more  rarely  as  molybdic  ochre, 
and  pateraite,  CoMoO^.  The  former  was  for  a  long  time 
believed  to  be  molybdenum  trioxide,  MoOg.  Schaller,^  however, 
from  the  analysis  of  a  pure  sample  from  Westmoreland,  New 
Hampshire,  has  shown  it  to  be  a  hydrated  ferric  molybdate, 
Fe20g,3MoOg,7|^H20.  Iron  ores  frequently  contain  traces  of 
molybdenum,  and  hence  this  metal  is  also  found  in  pig-iron  as 
well  as  in  the  slag.  Thus  the  iron  slag  obtained  in  the  process 
of  melting  the  cupreous  schist  at  Mansfeld  is  said  to  contain 
from  9  to  28  per  cent,  of  molybdenum.^ 

Metallurgy  of  Molybdenum. — Metallic  molybdenum  is  obtained 
from  its  ores  either  by  an  electrical  method  or  by  reduction 
with  aluminium. 

By  the  electrical  method,  molybdenite  is  heated  in  a  carbon 
tube  with  an  arc  of  350  amperes  at  60  volts,  when,  sulphur 
dioxide  is  evolved;  the  current  is  then  increased  to  900 
amperes  at  50  volts,  when  complete  fusion  takes  place  and 
the  sulphur  is  entirely  expelled.  The  metal  prepared  in  this 
way,  however,  contains  from  5  to  7  per  cent,  of  carbon,  which 
may  be  removed  by  heating  with  molybdic  oxide.  Molybdenum 
melts  at  2450°±30°.3 

A  metal  of  98  to  99  per  cent.,  containing  some  iron  and  very 

1  Amer.  J.  Sci.,  1907,  [iv.],  23,  297. 

2  Heine,  /.  pr.  Chem.,  1836,  9,  177. 

'^  vonPiraniand  Meyer,  Zeit.  Elektrochem. ,  1912,  18,  137. 
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small  quantities  of  silicon,  is  obtained  by  the  reduction  of 
molybdic  oxide  by  means  of  aluminium  powder,  as  described 
under  aluminium  (p.  716). 

Molybdenum  is  chiefly  used  in  the  form  of  rich  ferro- 
molybdenum  alloys  for  the  manufacture  of  special  steels. 

Metallic  molybdenum  may  be  obtained  on  the  small  scale  as 
a  grey  powder,  which  assumes  a  silver- white  appearance  under 
pressure,  by  heating  the  trioxide  or  one  of  the  chlorides  in  a 
current  of  hydrogen,  but  is  best  prepared  by  heating  a  mixture 
of  molybdenum  dioxide  with  one-tenth  of  its  weight  of  sugar 
charcoal  in  a  carbon  crucible  in  the  electric  furnace,  the  action 
of  the  arc  being  stopped  before  the  portions  in  contact  with  the 
crucible  have  had  time  to  fuse.  It  is  thus  obtained  free  from 
carbon,  whereas  if  too  strongly  heated  it  takes  up  the  latter  in 
considerable  quantities.  The  pure  metal  is  as  malleable  as 
iron,  and  is  not  hard  enough  to  scratch  glass,  has  a  specific 
gravity  of  9'01,  and  can  be  forged  when  hot;  it  scarcely 
undergoes  oxidation  at  the  ordinary  temperature,  but  is 
superficially  attacked  at  a  dull  red  heat,  and  rapidly  at  600°, 
molybdenum  trioxide  subliming.  It  is  rapidly  attacked  by 
fused  potassium  chlorate  and  nitrate.  It  may  be  distilled  in 
the  electric  furnace,  giving  a  vapour  which  solidifies  in  crystals.^ 
When  coarsely  powdered  it  is  attacked  by  fluorine  at  the 
ordinary  temperature,  by  chlorine  at  a  dull-red,  and  by  bromine 
at  a  cherry-red  heat,  but  not  by  iodine  at  the  softening  point  of 
glass. 

It  is  insoluble  in  dilute  acids  with  the  exception  of  nitric 
acid,  but  dissolves  in  concentrated  sulphuric  acid,  the  solution 
being  first  blue,  but  finally  becoming  colourless  with  formation 
of  the  trioxide,  sulphur  dioxide  being  also  evolved.  It  is 
slowly  attacked  by  fused  alkalis. 

Molybdenum  forms  amalgams  which  may  be  obtained  by  the 
electrical  method.  When  these  amalgams  are  distilled  in 
vacuo,  molybdenum  is  left  behind  in  the  pyrophoric  state.^ 

1  Moissan,  Compt.  rend.,  1906,  142,  425. 

2  F6r<5e,  Compt.  rend.,  1896,  122,  733. 
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MOLYBDENUM    COMPOUNDS. 

Molybdenum  and  Oxygen. 

485  Molybdenum  combines  with  oxygen  to  form  a  series 
of  oxides,  many  of  which  have  a  composition  corresponding 
to  those  of  chi'omium  : 

Molybdenum  sesquioxide,  MogOg, 
Molybdenum  dioxide,  M0O2, 
Molybdenum  trioxide,  M0O3. 

The  first  two  are  basic  oxides,  but  very  little  is  known  of 
their  salts  other  than  the  halogen  derivatives.  The  trioxide  is 
the  most  important,  and  like  the  analogous  chromium  oxide  is 
an  acid-forming  oxide  giving  rise  to  the  important  series  of 
molyhdates.  A  blue  oxide,  which  is  usually  regarded  as  a 
combination  of  the  dioxide  with  the  trioxide,  is  also  known,  but 
its  composition  is  not  definitely  settled,  whilst  an  oxide,  MogOj, 
and  a  peroxide  have  also  been  described. 

The  compound  formerly  described  as  a  hydrated  monoxide 
has  been  shown  to  be  the  hydroxide  of  molybdenum  sesqui- 
oxide. 

Molyhdemim  Sesquioxide,  Mofi^,  is  formed  when  one  of  the 
higher  oxides  is  treated  with  sodium  amalgam,  zinc,  &c. 
When  the  trioxide  is  thus  treated,  the  colourless  solution  &st 
becomes  blue,  then  reddish-brown,  and  lastly  black.  The 
hydroxide,  Mo(OH)3,  is  obtained  as  a  brownish-black  powder 
by  precipitating  with  ammonia,  washing  with  dilute  ammonia, 
and  drying  in  a  current  of  hydrogen  at  100°.  When  gently 
ignited  in  absence  of  air  the  water  is  evolved,  and  the  sesqui- 
oxide remains  as  a  black  mass  (Berzelius).  A  black  precipitate 
of  this  hydroxide  is  also  produced  when  molybdenum  dichloride 
is  boiled  with  caustic  potash,  hydrogen  being  evolved  during 
the  reaction.^  Molybdenum  sesquioxide  is  insoluble  in  acids, 
and  even  the  hydroxide  dissolves  only  with  difficulty. 

The  Salts  of  the  Sesquioxide  are  black  or  of  a  dark  purple 
colour  in  concentrated  solution,  but  when  diluted  they  are 
transparent  and  of  a  purple  tint.  In  the  solid  form  the  sesqui- 
salts  are  dark  grey  or  black.  They  have  a  styptic  taste,  oxidise 
slightly  on  exposure  to  the  air,  are  precipitated  by  alkalis  with 

1  Muthmann  and  Nagel,  Ber.,  1898,  31,  2009. 
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formation  of  the  hydroxide,  and  give  a  brown  precipitate  with 
ammonium  sulphide  soluble  in  excess  of  the  'reagent.  Sul- 
phuretted hydrogen  also  precipitates  them,  though  slowly. 
Sodium  phosphate  produces  a  brownish-black  precipitate. 

Molybdenum  Dioxide,  MoO^,  is  formed  when  the  sesquioxide 
is  gently  heated  in  a  current  of  air,  or  when  sodium  trimolybdate 
is  ignited  for  several  hours  in  a  current  of  hydrogen.  It  is  the 
only  oxide  formed  when  molybdenum  trioxide  is  reduced  by 
heating  in  hydrogen,^  and  may  be  prepared  pure  by  heating 
this  oxide  first  at  470°  in  a  stream  of  the  gas,  and  then 
in  a  current  of  dry  hydrogen  chloride,  when  any  unchanged 
trioxide  is  converted  into  a  volatile  oxychloride  and  thus 
removed.^  It  is  formed  also  when  ammonium  molybdate  is 
fused  with  molybdenum  trioxide,^  and  the  product  may  be 
purified  by  washing  successively  with  caustic  soda,  hydro- 
chloric acid,  and  water,  and  then  dried  at  110°.  The  pure 
oxide  is  a  brown  or  violet-brown,  crystalline  powder,  and  is 
reduced  to  the  metal  when  heated  at  600°  in  hydrogen.  It  is 
obtained  in  dark  blue  prisms  resembling  indigo  by  fusing  sodium 
trimolybdate  with  one-third  of  its  weight  of  zinc,  and  extracting 
the  mass  alternately  with  caustic  potash  and  hydrochloric  acid  ;  * 
this  product,  however,  always  contains  a  little  admixed  zinc 
molybdate,  ZugMogOg,  but  it  may  be  obtained  pure  by  fusing 
together  8  grams  of  fused  ammonium  molybdate,  14  grams  of 
potassium  carbonate,  and  7  grams  of  boron  sesquioxide,  and 
extracting  the  cooled  melt  with  water.  It  then  forms  opaque 
tetragonal  crystals,  having  a  violet  reflex,  which  are  insoluble  in 
boiling  hydrochloric  acid  and  caustic  potash.^ 

Molyhdic  Tetrahydroxide,  Mo(OH)^,  is  obtained  when  a 
solution  of  the  pentachloride  or  of  ammonium  molybdenum 
tetrachloride  is  precipitated  with  ammonia.  On  drying,  the 
precipitate  has  a  dark-red  colour ;  it  dissolves  slowly  in  water, 
yielding  a  yellow  or  dark-red  colloidal  solution  which  reddens 
litmus,  has  a  somewhat  acrid  and  metallic  taste,  and  is  precipi- 
tated by  the  addition  of  salts.  In  closed  vessels  it  decomposes 
after  some  time,  forming  a  transparent  jelly.  The  ignited 
dioxide  does  not  dissolve  in  aqueous  acids,  although  the 
hydroxide  does  so. 

1  Guiehard,  Compt.  rend.,  1899,  129,  722. 

2  Friedheim  and  Hoffmann,  Ber.,  1902,  35,  791. 

»  Guiohard,  Compt.  rend.,  1899,  129,  722;  1900,  131,  998. 

*  Ullik,  Annalen,  1867,  144,  227. 

«  Muthmann,  Annalen,  1887,  238,  114. 
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The  Salts  of  the  Dioxide  are  very  unstable,  and  are  formed 
when  an  excess  of  molybdenum  is  treated  with  the  correspond- 
ing acid,  and  then  the  requisite  quantity  of  nitric  acid  added. 
The  concentrated  solutions  are  black,  and  on  dilution  they 
become  of  a  bluish-green,  greenish-yellow,  dark-red,  and  lastly 
yellow  colour.  On  exposure  to  the  air  they  absorb  oxygen  and 
become  blue,  whilst  with  zinc  they  give  a  black  precipitate  of 
Mo(OH)3.  With  alkalis  they  yield  a  reddish-brown  precipitate, 
and  with  sulphuretted  hydrogen  and  ammonium  sulphide  give 
the  same  reactions  as  the  salts  of  the  sesquioxide. 


Molybdenum  Trioxide  and  Molybdic  Acid. 

486  Molybdenum  Trioxide,  M0O3,  was  supposed  to  occur  as 
molybdic  ochre,  but  this  has  been  shown  to  be  hydrated  ferric 
molybdate.  Gagarine  ''■  states,  however,  that  he  has  found  pure 
molybdic  oxide  as  white  or  grey  pseudomorphs  after  molybdenite 
in  specimens  from  the  Ilmen  Mountains.  It  has  a  pearly 
lustre  and  is  semi-transparent.  It  has  probably  been  obtained 
by  the  oxidation  of  molybdenite  which  occurs  there  as  pure 
sulphide  without  a  trace  of  iron. 

In  order  to  prepare  the  trioxide  in  the  pure  state  on  the  small 
scale  the  native  sulphide  may  be  heated  in  a  combustion  tube 
in  a  current  of  air  until  it  is  all  oxidised,  and  the  trioxide  sub- 
limed.^ On  the  larger  scale  it  may  be  obtained  by  mixing  the 
same  powdered  mineral  with  an  equal  weight  of  pure  quartz 
sand,  and  roasting  the  mixture  on  a  flat  iron  plate.  The  roasted 
product  is  then  boiled  with  dilute  ammonia,  and  a  small  quan- 
tity of  ammonium  sulphide  added  to  the  solution  in  order  to 
precipitate  the  copper.  The  filtered  liquid  is  then  evaporated 
to  dryness,  and  the  residue  again  dissolved  in  dilute  ammonia. 
Crystals  of  ammonium  molybdate  are  obtained  from  the  filtrate 
on  concentration.  These  are  decomposed  by  nitric  acid,  evapo- 
rated to  dryness,  and  the  residual  trioxide  well  washed  with 
water.  Molybdenum  trioxide  can  also  be  obtained  from  native 
lead  molybdate  by  first  treating  the  mineral  with  dilute  hydro- 
chloric acid  in  order  to  remove  iron,  zinc,  &c.,  then  decomposing 
it  with  hot  concentrated  hydrochloric  acid,  evaporating  down 
and  digesting  with  dilute  ammonia,  when  ammonium  molyb- 
date remains  in  solution  and  can  be  crystallised  out  as  already 

'  Bull.  Acad.  Sci.  St.  Petersbourg,  1907,  287. 
"  Wohler,  Annalen,  1856,  100,  376. 
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described.^  The  ammonium  molybdate  may  also  be  converted 
into  the  trioxide  by  being  ignited  in  a  platinum  dish  and 
subsequently  heated  to  a  dull-red  heat  in  a  current  of  oxygen.^ 

Molybdenum  trioxide  is  a  white  impalpable  powder,  which 
when  heated  becomes  yellow ;  it  melts  at  a  red  heat  to  a  dark 
yellow  liquid,  which,  on  cooling,  solidifies  to  a  yellowish-white, 
fibrous,  crystalline  mass,  having  a  specific  gravity  of  4'39 
(Schafarik).  It  volatilises  at  very  high  temperatures  when 
heated  in  closed  vessels,  but  in  the  air  it  sublimes  more  easily, 
depositing  small,  colour.less,  transparent,  rhombic  tablets.  It 
dissolves  in  500  parts  of  cold,  and  in  about  960  parts  of  hot 
water.  The  solution  reddens  litmus  paper,  turns  turmeric 
paper  brown,  and  possesses  a  sharp  metallic  taste. 

MolyMic  Acid,  IL^o0^^f)  or  Mo03,2H20,  crystallises  out 
in  yellow  crusts  when  three  parts  of  ammonium  molybdate  are 
dissolved  in  twenty  parts  of  water,  the  same  quantity  of  nitric 
acid  of  specific  gravity  1'16  added,  and  the  whole  allowed  to 
stand.  The  deposition  of  the  acid  frequently  takes  place  only 
very  slowly,  and  the  addition  of  a  crystal  of  the  compound 
renders  its  separation  more  easy.^ 

When  the  solution  of  the  trioxide  in  nitric  acid  is  allowed  to 
evaporate  spontaneously,  a  white,  crystalline  powder  separates, 
which  on  heating  loses  water  (Berzelius).  This  consists  of  the 
anhydrous  acid,  HgMoO^,  which  was  once  obtained  by  Ullik  in 
the  form  of  thin  prismatic  crystals  by  the  decomposition  of 
magnesium  molybdate  with  nitric  acid.  It  is  also  formed  when 
the  yellow  acid  is  heated  at  60°,  or  its  solution  in  water 
concentrated  at  40-60°,  and  is  thus  obtained  in  white  needles 
which  are  very  sparingly  soluble  in  cold,  but  more  readily  in 
hot  water.* 

Colloidal  Molyhdic  Acid. — When  the  hydrochloric  acid  solution 
of  ammonium  molybdate  is  dialysed,  a  yellow,  strongly  acid 
astringent  solution  of  molybdic  acid  remains,  which  on  evapora- 
tion yields  a  deliquescent,  gummy  mass.^  After  drying  over 
sulphuric  acid  for  several  weeks  it  has  the  empirical  formula 
HjMoaOy,  but  the  determination  of  the  molecular  weight  by 

'  Wohler,  Mineralanalyse,  146. 
"  Muthmann,  AnnaUn,  1887,  238,  117. 

'  Gmelin-Kraut,  2,   171  ;   Rosenheim  and  Bertheim,    Zeit.    anorg.    Ghem., 
190.3,  34,  427  ;  1906,  50,  320  ;  Graham,  Joum.  Franklin  Inst.,  1907,  163,  69. 
*  Rosenheim  and  Davidsohn,  Zeit.  anorg.  Chem.,  1903,  37,  314. 
°  Graham,  Joum.  Chem.  Sac,  1864,  326. 
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Raoult's  method  indicates  that  it  contains  four  MoOg  groups.^ 
If  ordinary  ammonium  molybdate  is  precipitated  with  barium 
chloride,  and  the  washed  precipitate  decomposed  with  the  exact 
quantity  of  sulphuric  acid,  a  colourless  solution  is  obtained, 
possessing  an  acid  reaction  and  metallic  taste.  When  dried 
over  sulphuric  acid  for  several  months  it  has  the  composition 
H2M02O7,  and  on  heating  at  100°,  120°,  and  160-170°,  the 
residues  have  the  compositions  HjMogOy,  HjMo^Ojg  and 
HgMogOgg  respectively ;  at  250°  pure  molybdenum  trioxide 
remains  behind. 

Molybdenum  trioxide  generally  behaves  as  an  acid-forming 
oxide  analogous  to  chromium  trioxide,  and  unites  with  bases  to 
form  molybdates.  The  normal  molybdates  are  unstable,  and 
show  a  great  tendency  to  form  polymolybdates  corresponding  to 
the  polychromates  by  uniting  with  further  molecules  of  the 
trioxide,  as  many  as  ten  molecules  of  M0O3  combining  with  one 
equivalent  of  a  basic  oxide. 

The  molybdates  also  combine  with  other  acidic  oxides,  forming 
the  series  of  salts  known  under  the  general  term  of  the  complex 
molybdates.  The  best  known  of  these  are  the  phosphomolybdic 
acids,  in  which  a  varying  number  of  molecules  of  molybdenum 
trioxide  and  of  phosphoric  anhydride  are  combined  with  a 
basic  oxide  (p.  1070) ;  similar  compounds  are  formed  by  the 
acidic  oxides  of  arsenic,  sulphur,  vanadium,  antimony,  and  also 
of  iodine,  tin,  silicon,  and  manganese.^  The  exact  constitution 
of  these  salts  is  not  yet  known. 

Molybdenum  trioxide  acts  towards  strong  acids  as  a  basic 
oxide;  thus  it  combines  with  two  molecules  of  hydrochloric 
acid  to  form  a  volatile  crystalline  compound,  which  is  probably 
the  hydroxy  chloride,  MoO(OH)2Cl2;  with  sulphuric  acid  it 
yields  the  compound  ^  MoOgSO^,  analogous  to  the  salts  formed 
by  the  trioxides  of  tungsten  and  uranium. 

Sodium  Molyldates. — The  normal  molybdate,  NajMoO^,  is 
formed  by  fusing  the  trioxide  with  the  requisite  quantity  of 
sodium  carbonate,  and  crystallises  from  water  in  acute  rhombo- 
hedra,  containing  two  molecules  of  water ;  below  6°  prisms  con- 
taining 10  molecules  of  water  separate  out,  resembling  Glauber's 

'  Saban^ef,  Joum.  Chem.  Soc,  1890,  58,  1215. 

2  P(5chard,  Compt.  rend.,  1901,  132,  628 ;  Rosenheim  and  Itzig,  Zeit. 
anorg.  Gkem.,  1898,  16,  76  ;  Friedheim  and  Samelon,  Zeit.  anorg.  Chem.,  1900, 
24,  65;  Rosenheim  and  Liebknecht,  Annalen,  1899,  304,  40;  Asch,  Zeit. 
anorg.  Chem.,  1901,  28,  273. 

'  Compare  Guiohard,  Compt.  rend.,  1906,  143,  744. 
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salt  in  appearance ;  these  effloresce  in  the  air,  forming  the  first- 
named  salt.  The  dimolyldate,  Na2Mo207,  is  formed  when  sodium 
carbonate  and  the  trioxide  are  fused  in  the  requisite  proportions, 
and  is  a  crystalline  mass  soluble  with  difficulty  in  cold  and  only 
slowly  in  hot  water.  The  trimolyhdate,  NaoMogOj^.^HgO, 
obtained  in  a  similar  manner,  crystallises  in  large  needles,  3'9 
parts  of  which  dissolve  in  100  parts  of  water  at  20°,  and  in  137 
parts  at  100°.  The  tetramolybdate,  NagMo^OjgjllHgO,  is  pre- 
pared by  the  action  of  the  calculated  quantity  of  hydrochloric 
acid  on  the  normal  salt,  and  forms  small,  glistening  crystals 
soluble  with  difficulty  in  cold,  but  readily  in  hot  water.  An 
excess  of  hydrochloric  acid  gives  rise  to. the  acid  salt,  NaHMo^O^g, 
SHgO,  which  forms  long  efflorescent  monoclinic  crystals  readily 
soluble  in  water.  Sodium  odomolyhdate,  Na2Mo8025,4H20,  is 
formed  as  a  white  powder  by  the  action  of  a  solution  of 
sodium  carbonate  on  the  acid  salt,  HNaMog025,4H20,  which 
latter  salt  is  obtained  by  boiling  the  normal  sodium  molybdate 
with  nitric  acid,  and  also  forms  a  white  or  yellowish  powder. 
A  sodium  octomolybdate  crystallising  with  ISHgO  has  been 
obtained  by  the  action  of  sulphur  dioxide  on  a  solution  of  the 
tetramolybdate.^  The  decamulybdate,  Na2Moj|,Ogi,12H20,  is  a 
white,  crystalline  powder  obtained  by  heating  the  normal  salt 
on  the  water-bath  with  sufficient  hydrochloric  acid  to  saturate 
the  requisite  quantity  of  sodium.  It  is  sparingly  soluble  in 
water.  If  soluble  molybdic  acid  be  dissolved  in  the  requisite 
quantity  of  sodium  carbonate,  the  salt  Na2Moig03i,21H20 
crystallises  in  monoclinic  prisms;  it  is  soluble  in  cold  water 
without  decomposition. 

A  salt  containing  3  equivalents  of  soda  to  7  of  molyb- 
denum trioxide  is  obtained  by  allowing  a  solution  of  the 
calculated  quantity  of  the  trioxide  in  sodium  carbonate  to 
evaporate  spontaneously,  the  crystals  having  the  composition 
Na6Mo7024,22H20.  On  heating  it  loses  water  and  yields  the 
anhydrous  salt,  which  solidifies  in  long  needles  readily  soluble 
in  water. 

Potassium  MolyMates. — The  normal  salt,  KgMoO^,  obtained  in 
a  similar  manner  to  the  sodium  salt,  crystallises  in  microscopic 
four-sided  crystals,  which  are  readily  soluble  in  water.  When 
hydrochloric  acid  is  added  drop  by  drop  to  a  solution  of  the 
trioxide  in  potassium  carbonate  until  a  permanent  turbidity  is 
produced,  a  salt  of  the  composition  ^^0^0^^,^^.^)  separates 
•  Rosenheim,  Zeit.  anorg.  Ghtm.,  1897,  15,  180. 
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out  on  standing,  in  monoclinic  prisms,  which  are  decomposed 
by  water  into  the  trimolybdaU,  KgMogOjo.SHgO,  which  forms 
silky  pliable  needles.  If  this  be  dissolved  in  molybdic  acid 
prepared  from  ammonium  molybdate,  a  crystalline  precipitate  is 
formed  which  dissolves  in  hot  water  and  on  cooling  deposits 
glistening  crystals  of  the  tetrainolyhdate,  KgMo^Ojg.eHgO.  A 
crystalline  odomolyhdate,  K2MOj5025,13H20,  is  also  known 
(Rosenheim). 

Ammonium  Molyhdates. — The  normal  molyldate,  (NH^)2MoO^, 
is  produced  when  molybdenum  trioxide  or  an  ammonium  poly- 
molybdate  is  heated  with  excess  of  concentrated  ammonia,  and 
crystallises  in  four-sided  prisms  which  are  decomposed  by  water. 
When  a  solution  of  the  trioxide  in  ammonia  is  evaporated,  the 
compound  Q^'S.^^o^O^i,^!!^  (Delafontaine)  crystallises  out 
in  large  colourless  monoclinic  crystals.  This  is  the  salt  usually 
known  as  ammonium  molybdate.  According  to  Klason,^  how- 
ever, the  molecular  weight  in  aqueous  solution  taking  into 
account  the  degree  of  dissociation  indicated  by  the  electrical 
conductivity,  shows  that  this  salt  is  probably  a  double  salt, 
(NH^)3H3Mo30i2,(NHJ2H4Mo30i2,  which  is  resolved  into  its 
constituents,  triammonium  and  diammonium  trimolybdates, 
when  dissolved  in  water.  On  the  other  hand,  Junius  ^  gives 
the  formula  as  (NH^)j(,Moj204i.  Results  of  physico-chemical 
measurements  show  that  in  aqueous  solution  the  anion  is  MojjO^j, 
consequently  this  would  appear  to  be  the  correct  formula.^ 
The  dimolyhdate,  (NH^)2Mo207,  separates  out  on  evaporating 
the  mother-liquor  of  the  normal  salt  in  the  form  of  a  white 
crystalline  powder.*  The  trimolyhdate,  (NHj2Mo30i„,H20,  is 
frequently  formed  by  the  decomposition  of  a  solution  of  the 
ordinary  salt  at  a  low  temperature,  when  it  separates  out  in 
silky  needles,  sparingly  soluble  in  cold,  but  readily  so  in  hot 
water.  Other  crystalline  ammonium  salts  have  been  described, 
which  contain  a  larger  proportion  of  molybdenum  trioxide.  ^ 

Galcmm  Molybdate,  CaMoO^,  is  obtained  by  precipitating  a 
solution  of  the  ordinary  ammonium  salt  containing  an  excess 
of  ammonia  with  calcium  chloride.  It  forms  a  white  precipi- 
tate consisting  of  microscopic  tetragonal  pyramids.     If  calcium 

1  Ber.,  1901,  34,  153. 
^  Zeit.  anorg.  Chem.,  1905,  46,  428. 
'  Sand  and  Eisenlohr,  Zeit.  anorg.  Chem.,  1907,  52,  68. 
*  Compare  Klason,  Ber.,  1901,  34,  153. 

^  Klason,  Ber.,  1901,  34,  153;  Rosenheim,  Zeit.   anorg.   Chem.,  1897,15, 
180;  1903,  34,  427;  Mylius,  Ber.,  1903,  36,  638. 
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carbonate  is  boiled  with  an  excess  of  the  trioxide  and 
water,  and  the  solution  allowed  to  evaporate  spontaneously, 
calcium  trimolyhdate,  CaMo30iQ,6H20,  is  deposited.  The  salt 
HgCaMogOjg.l^HgO  crystallises  from  a  solution  of  the  normal 
salt  in  the  requisite  quantity  of  hydrochloric  acid.  It  is  de- 
posited in  small  oblique  glistening  prisms  which  are  scarcely 
soluble  in  cold  but  readily  dissolve  in  hot  water. 

Barmm  Molybdate,  BaMoO^,  is  a  crystalline  precipitate 
difficultly  soluble  in  acids.  It  is  obtained  in  tetragonal  pyramids 
by  fusing  together  sodium  molybdate,  barium  chloride,  and 
common   salt. 

When  the  ordinary  ammonium  salt  is  precipitated  with 
barium  chloride  a  flocculent  precipitate  of  Ba3Moj024,9H20  is 
thrown  down,  which  is  slightly  soluble  in  water.  A  compound, 
BaMo30io,3H20,  having  properties  similar  to  the  last  salt, 
is  obtained  by  precipitating  a  soluble  trimolybdate.  When 
barium  carbonate  is  dissolved  in  soluble  molybdic  acid  and 
the  solution  allowed  to  stand,  oblique  prisms  of  the  salt 
H.2BaMo8028,17H20  are  deposited ;  and  if  the  normal  salt  be 
treated  with  dilute  nitric  acid  the  compound  BaMog028,4H20 
is  formed.  This  is  insoluble  in  water  and  is  not  completely 
decomposed  by  acids,  even  by  sulphuric  acid. 

Magnesium  Molybdate,  MgMoO^.SHgO,  is  obtained  by  boiling 
magnesia  with  water  and  molybdenum  trioxide,  and  evaporating 
the  solution,  when  the  salt  separates  out  in  long  glistening 
transparent  prisms.  Magnesium  molybdate  forms  with  the 
molybdates  of  potassium  and  sodium  double  salts  such  as 
K2Mo04,MgMo04,2H20,  which  appear  to  be  isomorphous  with 
the  corresponding  manganese  and  ferrous  salts. 

Lead  Molybdate,  PbMoO^,  occurs  native  as  wulfenite  in 
orange-red  transparent  tetragonal  tablets  and  octahedra,  which 
have  a  specific  gravity  varying  from  6  to  7.  When  one  part  of 
sodium  molybdate  is  fused  with  six  parts  of  lead  chloride  and 
four  of  sodium  chloride  in  a  closed  crucible,  bright  yellow 
translucent  pyramids  or  tablets  of  the  artificial  compound  are 
obtained,  which  have  a  specific  gravity  of  6'811.  If  a  solution 
of  a  molybdate  be  added  to  one  of  lead  nitrate  the  same  compound 
is  obtained  in  the  form  of  a  white  precipitate  which  melts 
at  a  very  high  temperature.  We  are  not  acquainted  with  any 
other  lead  molybdate. 

Molybdenum  Molybdates. — When  molybdic  acid  is  reduced  in 
solution  by  sulphuretted  hydrogen,    sulphur  dioxide,  stannous 
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chloride,  etc.,  a  blue  solution  is  obtained,  and  this  reaction 
forms  one  of  the  most  characteristic  tests  for  molybdenum. 
This  is  due  to  the  formation  of  an  oxide  or  oxides  intermediate 
between  the  di-  and  the  tri-oxide,  and  the  solutions  deposit  a 
blue  precipitate  of  this  oxide  which  contains  water  and  is 
termed  molybdenum  blue.  It  may  also  be  obtained  by  adding 
a  cold  dilute  hydrochloric  acid  solution  of  molybdenum  dioxide 
to  one  of  ammonium  molybdate,  and  in  several  other  ways. 
The  solubility  in  water  of  the  blue  oxide  varies  with  the 
conditions  of  precipitation. 

Much  doubt  exists  as  to  the  composition  of  this 
substance ;  Rammelsberg  assigned  to  it  the  formula 
MogOg  =  MoOgiMoOg,  and  others  have  regarded  it  as 
Mo30g  =  Mo02,2Mo03,  whilst  according  to  Guichard^  it  has 
the  composition  Mo50i4,6H20  =  Mo02,4Mo03,6H20.  On  the 
other  hand,  Klason  ^  states  that  more  than  one  compound 
exists,  and  regards  these  as  complex  derivatives  of  an  oxide, 
MogOg,  and  molybdic  acid,  analogous  to  phosphomolybdic  acid. 
Junius  ^  has  obtained  it  at  the  cathode  by  the  electrolysis  of 
molybdic  acid  in  strong  hydrochloric  acid,  and  gives  to  it  the 
formula,  MojOjo. 

A  brown  hydroxide,  MoO(OH)3  =  Mo205,3H20,  is  obtained 
according  to  Klason,*  by  treating  ammonium  molybdenum 
oxj'chloride,  MoOCl3,2NH^Cl,  with  the  exact  amount"  of 
ammonia ;  on  heating  in  carbon  dioxide  this  loses  water,  and 
the  oxide  MogOg  is  formed  as  a  violet-black  powder. 

Several  crystalline  ammoniacal  double  molybdates  have  been 
described  ^  of  the  general  formula  'M.\'M.^X'KoO^\,2'NB.g,  where 
Mi  =  K  or  NH„  and  M"  =  Cu,  Zn,  Cd,  Ni,  or  Co. 

487  Phosphomolybdic  Acid,  H3P04,12Mo03. — This  complex 
acid  is  obtained  by  the  repeated  treatment  of  the  ammonium 
salt  with  small  quantities  of  aqua  regia,  and  crystallises  out  on 
evaporation  of  the  combined  solutions.  It  forms  at  least  three 
different  crystalline  hydrates,  but  the  statements  of  different 
authors  as  to  the  number  of  molecules  of  water  in  these  vary 
considerably.     Debray « gives  21,  38,  and  48  molecules  to  one  of 

1  Compt.  rend.,  1899,  129,  722 ;  Rogers  and  Mitchell,  /.  Amer.  Chem.  Soc, 
1900,  22,  350;  Junius,  Zeit.  anorg.  Chem.,  1905,  46,  426. 

2  Ber.,  1901,  34,  148 ;  see  also  Bailhaohe,  Compt.  rend.,  1901,  133,  1210. 

*  Zeit.  anorg.  Chem.,  1905,  46,  428. 

*  Ber.,  1901,  31,  148 ;  compare  Guichard,  Compt.  rend.,  1902,  134,  173. 
°  Briggs,  Joum.  Chem.  Soc.,  1904,  85,  672. 

^  Compt.  rend.,  1868,  66,  700. 
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P2O5,  Gibbsi  27,  46,  and  59  molecules,  and  Finkener^  29  and 
58  molecules.  Debray  also  believed  the  ratio  PjOj :  M0O3 
to  be  1 :  20,  but  Gibbs  and  Finkener  have  shown  that  it  is 
1:24. 

Ammonium  PhospJiomolybdate,  (NHj3PO^,12Mo03. — This  salt 
was  discovered  by  Gmelin,^  but  Sonnenschein  *  was  the  first 
to  notice  that  this  compound  contained  phosphoric  acid  as 
an  essential  constituent.  It  is  formed  when  a  solution  of  a 
molybdate  is  mixed  with  ammonia,  and  a  small  quantity  of 
phosphoric  acid  in  nitric  acid  solution  added,  or  when  the  free 
acid  is  added  to  a  strongly  acid  solution  of  the  ammonium  salt. 
Under  these  circumstances  a  canary-yellow  powder  is  thrown 
down.  Pyro-  and  meta-phosphates  do  not  yield  this  precipitate  ; 
it  is  formed  only  when  they  are  converted  into  orthophosphates, 
and  when  this  change  takes  place  slowly  the  compound  is 
obtained  in  glistening  yellow  crystals  (Debray).  It  is  almost 
insoluble  in  water  and  in  dilute  acids  and  is  also  insoluble  in  a 
nitric  acid  solution  of  ammonium  molybdate.  The  presence  of 
hydrochloric  acid  and  chlorides,  as  well  as  of  many  organic  acids, 
with  the  exception  of  acetic  acid,  retards  the  formation,  whilst 
in  presence  of  an  excess  of  phosphoric  acid  no  precipitation 
occurs. 

When  dried  above  130°  it  always  has  the  composition 
given  above,  in  which  the  ratio  PgOg :  M0O3  is  1  :  24,  but 
according  to  Gibbs  the  hydrated  precipitate  has  the  composition 
(NHj3PO„12Mo03,(NH,)2HPO„llMo03,8H20.  It  dissolves 
in  10,000  parts  of  distilled  water,  in  6,600  parts  of  one  per  cent, 
nitric  acid,  and  in  550  parts  of  hydrochloric  acid  of  specific 
gravity  112.  It  is  readily  soluble  in  alkalis,  and  on  allowing 
the  ammoniacal  solution  to  stand,  glistening  needles  or  prisms 
having  the  composition  2(NH^)3PO^,5Mo03,7H20  separate  out. 
These  are  sparingly  soluble  in  cold,  readily  in  hot  water,  forming 
a  slightly  acid  liquid. 

Phosphomolybdic  acid  also  precipitates  strongly  acid  solutions 
of  the  salts  of  rubidium,  caesium,  thallium,  and  the  organic  alka- 
loids, but  not  solutions  of  sodium  or  lithium  salts.  The  heavy 
metals  are  also  not  precipitated  if  a  sufficient  amount  of  free 
acid  be  present.     This  acid  is  used  as  a  reagent  for  the  alkaloids 

1  Amer.  Chem.  J.,  1881-2,  3,  317. 

2  Ber.,  1878,  11,  1638  ;  see  also  Levi  and  Spelta,  Gazz.,  1903,  33,  i.,  207; 
Miolati,  ibid.,  ii.,  335. 

3  Handbook,  vol.  iv.,  68.  *  J-pr.  Chem.,  53,  342. 
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or,  in  place  of  this,  a  liquid  prepared  by  saturating  a  solution 
of  sodium  carbonate  with  molybdenum  trioxide,  and  adding 
one  part  of  sodium  phosphate  to  every  part  of  the  trioxide,  may 
be  employed ;  this  solution  is  evaporated  to  dryness,  the  residue 
fused,  dissolved  in  water,  filtered,  and  nitric  acid  added  until 
the  liquid  becomes  yellow. 

In  addition  to  these  salts,  others  have  been  prepared  in 
which  the  ratio  PjO,; :  M0O3  is  1  :  15-18,  and  it  appears  not 
improbable  that  some  exist  in  which  the  ratio  is  even  higher 
than  1  :  24.  Arsenic  acid  gives  rise  to  an  analogous  series  of 
complex  acids,  in  the  highest  of  which  the  ratio  AsjOg :  M0O3 
appears  to  be  1  :  20. 

Permolyldic  Acid. — The  molybdates  when  treated  with  hydro- 
gen peroxide  in  acid  solution  give  a  yellow  coloration,  but  the 
yellow  substance  cannot  be  extracted  with  ether.  If  molybdenum 
trioxide  be  treated  with  hydrogen  peroxide  on  the  water-bath, 
and  the  mixture  evaporated  under  diminished  pressure,  per- 
molybdic  or  ozomolyhdic  acid}  HgMoOjinHgO,  is  obtained  as  an 
orange-red  amorphous  substance.  Potassium  trimolybdate  dis- 
solves in  hydrogen  peroxide  yielding  an  orange-yellow  solution, 
which  on  concentration  at  a  moderate  heat,  yields  yellow 
crystals  of  potassium  permolybdate  ;  this,  according  to  Muth- 
mann  and  Nagel,^  has  the  composition  K20,2MoOg,Mo04,3H20. 
These  chemists  have  shown  that  the  molybdates  of  the  alkali 
metals,  when  dissolved  in  hydrogen  peroxide,  are  able  to  take 
up  additional  oxygen  to  the  extent  of  one  atom  or  less  per 
atom  of  molybdenum,  and  in  this  way  they  have  prepared  a 
number  oi  permolybdates  or  ozomolyMates.  These  very  readily 
lose  their  oxygen  on  heating. 

A  compound,  Yifi^^oO^^fi^,  is  formed  by  the  action  of 
hydrogen  peroxide  at  -12°  on  a  solution  of  potassium  permo- 
lybdate  containing  caustic  potash.  This  is  a  brick-red  mass 
which  explodes  spontaneously  when  preserved  in  quantity,  and 
loses  oxygen  on  exposure  to  the  air,  or  on  treatment  with 
water.* 

1  Muthmann  and  Nagel,  Tier.,  1898,  31,  1836. 

2  Zeit.  anorg.  Ghem.,  1898,  17,  73;  compare  Pochard,  Compt  rend.,  1891, 
112,  720. 

^  Melikofif  and  Pissarjewsky,  Ber.,  1898,  31,  632. 
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Molybdenum  and  the  Halogens. 

488  Molybdenum  Hexajluoride,  MoFg,  is  obtained  by  passing 
dry  fluorine  over  powdered  molybdenum  at  60-70°,  the  product 
being  collected  in  a  receiver  cooled  by  a  mixture  of  solid  carbon 
dioxide  and  alcohol,  and  then  purified  by  distillation.  It  is 
a  snow-white  crystalline  substance,  melting  at  17°  to  a  colour- 
less liquid,  which  boils  at  35°,  and  is  decomposed  by  water 
with  formation  of  a  blue  oxide.^  It  is  not  acted  upon  by 
chlorine,  but  reacts  with  arsenic  trichloride  and  antimony  penta- 
chloride ;  it  is  reduced  and  turned  blue  by  organic  compounds. 

Molyldenum  Bichloride,  MoClj,  is  prepared  by  heating  the 
trichloride  in  a  current  of  dry  carbon  dioxide : 

2MoCl3=MoCl2+MoCl,. 

The  tetrachloride  volatilises,  leaving  the  dichloride  as  a  sulphur- 
yellow  amorphous  powder,  which  does  not  alter  in  the  air, 
and  does  not  dissolve  in  water  but  is  soluble  in  alcohol  and 
ether,  separating  from  these  solutions  in  the  amorphous  con- 
dition.^ It  is  soluble  also  in  the  hydracids,  in  hot  sulphuric 
acid,  and  in  the  alkalis.  The  hydrate,  MoCl2,2H20,  crystallises 
from  the  hydrochloric  acid  solution,  on  standing,  in  pale-yellow 
plates  insoluble  in  water,  but  when  the  solution  ia  evaporated 
long  prisms  having  the  formula  MoC]2,2H20  are  deposited. 
These  are  soluble  in  water,  and  when  dissolved  in  hot 
hydrochloric  acid  long  glittering  needles  of  the  compound 
MoCl2,3H20,  are  deposited.  These  do  not  dissolve  in  water, 
but  are  decomposed  by  it  with  evolution  of  hydrochloric  acid. 

Molybdemim  Dibromide,  MoBr^,  is  formed  by  the  decomposition 
of  the  tribromide  by  heat.  It  forms  a  yellowish-red  infusible 
mass  which  does  not  dissolve  in  water  or  in  acids. 

Molybdenum  Di-iodide,  Molg,  is  formed  by  heating  the  penta- 
chloride  in  a  current  of  hydrogen  iodide.  It  is  a  brown  amorphous 
substance  of  specific  gravity  4-3,  and  is  insoluble  in  water.^ 

The  molecular  formulae  of  these  compounds  are  probably 
treble  those  which  are  here  given,  for  if  the  chloride  be  dissolved 
in  caustic  potash  the  compound  Mo3Cl^(OH)2,2H20  is  thrown 
down  on  the  addition  of  acetic  acid  in  the  form  of  a  pale  yellow 

>  Ruff  and  Eisner,  Ber.,  1907,  40,  2926. 
'  Lieohti  and  Kempe,  Annalen,  1873,  169,  351. 
3  Guiohard,  Compt.  rend.,  1896,  123,  821. 
VOL,   II  3  Z 
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amorphous  precipitate.  This  compound,  which  has  been 
termed  chloromolyhdic  hydroxide,  possesses  basic  properties,  and 
forms  well-defined  salts  with  acids.^  Moreover,  the  molecular 
weight  ^  of  the  dichloride  in  alcohol  corresponds  to  MogClg. 

Chloromolyhdic  Bromide,  Mo3Cl4Br2,3H20,  is  obtained  by  heat- 
ing the  hydroxide  or  the  chloride  with  hydrobromic  acid.  It 
crystallises  on  cooling  in  glittering  reddish-yellow  plates  which 
scarcely  dissolve  in  water  or  in  dilute  hydrochloric  acid.  If  the 
mother-liquor  of  this  salt  be  evaporated,  well-formed,  reddish- 
yellow  prisms  having  the  composition  Mo3Cl^Br2,6H20  are 
deposited.  These  dissolve  in  water,  but  are  decomposed  with 
separation  of  a  yellow  granular  powder.  Hydriodic  acid  forms 
corresponding  compounds. 

Bromomolyhdie  Hydroxide,  MogBr^(OH)2,8H20. — When  molyb- 
denum dibromide  is  dissolved  in  dilute  alkali  and  the  solution 
allowed  to  stand  exposed  to  the  air,  or  when  ammonium  chloride 
is  added  to  the  hot  solution,  the  above  compound  is  deposited 
in  the  form  of  golden-yellow  glistening  rhombohedra  closely 
approximating  in  form  to  the  cube.  These  lose  six  molecules 
of  water  on  drying  over  sulphuric  acid,  and  assume  a  dark-red 
colour.  At  100°  they  lose  all  their  water,  a  fine  red  powder 
remaining  behind.^ 

Bromomolyhdie  Fluoride,  MogBr^F^,  is  prepared  with  hydro- 
fluoric acid  in  the  same  way  as  the  chloride,  which  it  closely 
resembles. 

Bromom,olyhdic  Chloride,  MogBr^Clj.SHjO,  is  obtained  as  a 
pale-yellow  powder  on  adding  an  excess  of  hydrochloric  acid  to 
the  alkaline  solution  of  the  hydroxide. 

Bromomolyhdie  Sulphate,  Mo3Br^SO^,3H20,  can  be  obtained  in 
the  same  way  in  the  form  of  a  yellow  precipitate,  whilst  when 
the  solution  of  the  hydroxide  is  treated  with  ammonium  molyb- 
date  and  acetic  acid,  hromoviolyhdic  molyhdate,  MogBr^MoO^.HjO, 
is  thrown  down  as  a  reddish-yellow  precipitate. 

Molybdenum  Trichloride,  M0CI3,  is  formed  when  the  pure 
pentachloride  is  volatilised  in  a  current  of  carbon  dioxide,  the 
tube  being  heated  strongly  at  one  point  only.  The  trichloride  is 
deposited  as  a  copper-red  crystalline  crust.*  If  the  pentachloride 
is   heated  in  a  current  of  hydrogen  to    250°  the  trichloride 

1  Blomstrand,  /.  pr.  Chem. ,  1859,  77,  100. 

2  Muthmann  and  Nagel,  Ber.,  1908,  31,  2009. 
"  Atterberg,  Ber.,  1873,  6,  1464. 

^  Blomstrand,  J.  pr.  Chem.,  1859,  77,  96. 
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is  obtained  in  a  form  closely  resembling  red  phosphorus  (Liechti 
and  Kempe).  Heated  in  the  air  it  forms  a  white  woolly  sub- 
limate, whilst  impure  dichloride  remains  behind.  It  is  in- 
soluble in  cold  water  and  is  decomposed  by  boiling  water.  It 
likewise  does  not  dissolve  in  hydrochloric  acid,  though  it  is 
easily  soluble  in  hot  nitric  acid,  whilst  sulphuric  acid  dissolves  it 
forming  a  blue  solution  which  on  heating  becomes  green.  If  the 
hydroxide  is  dissolved  in  hydrochloric  acid  a  brown  liquid  is 
obtained  which  on  evaporation  dries  to  a  black  pitch-like  mass. 

Molyhdenum  Tribromide,  MoBrg,  is  formed  by  the  action  of 
bromine  vapour  on  the  heated  metal.  It  sublimes  as  a  mass  of 
fine  blackish-green  needles  which  are  insoluble  in  water  though 
soluble  in  cold  dilute  nitric,  and  in  boiling  hydrochloric,  acid. 
On  boiling  with  alkalis  the  hydroxide  is  formed  (Blomstrand). 

Molyhdenum  Tetrachloride,  MoCl^,  is  obtained  together  with 
the  dichloride,  as  has  been  stated,  bj^  heating  the  trichloride  in 
an  atmosphere  of  carbon  dioxide.  The  tetrachloride  volatilises 
as  a  dark  yellow  vapour  which  condenses  to  a  brown  crystal- 
line powder.  When  exposed  to  the  air  it  becomes  of  a  bluish- 
green  colour  and  deliquesces  to  a  brown  liquid.  It  is  only  slowly 
soluble  in  hydrochloric  acid,  and  dissolves  in  concentrated 
sulphuric  acid,  giving  a  bluish-green  colour. 

Molyhdenum  Tetrdbromide,  MoBr^,  is  formed  in  small  quantities 
in  the  preparation  of  the  tribromide  as  black  glistening  needles, 
which  fuse  when  heated,  volatilising  in  brownish-red  vapours. 
These  readily  decompose  into  bromine  and  dibromide,  and  in 
presence  of  air  the  compound  deliquesces,  forming  a  dark  liquid 
giving  with  more  water  a  yellowish-brown  solution. 

Molyhdenum  Tetriodide,M.ol^. — The  tetrahydroxide  dissolves  in 
hydriodic  acid,  giving  a  red-coloured  solution;  this  on  spon- 
taneous evaporation  yields  crystals  which  transmit  red  light  and 
appear  brown  by  reflected  light. 

Molyhdenum  PentacMoride,  MoClg. — This,  the  highest  chloride 
of  molybdenum,  is  formed  by  heating  molybdenum  or  molyb- 
denite in  dry  chlorine  for  some  time,  when  bright  metallic  glisten- 
ing black  crystals  are  formed  which  melt  at  194°  and  boil  at 
268°,  giving  a  dark-red  vapour  with  a  specific  gravity  of 
9'4-9-53,'^  corresponding  to  the  above  formula.  The  compound 
fumes  on  exposure  to  moist  air  and  becomes  coloured  bluish- 
green,  gradually  deliquescing  to  a  brown  liquid  which  on  dilution 
with  water  becomes  colourless.    Absolute  alcohol  and  ether  yield 

'  Debray,  Compt.  rend.,  1868,  66,  732. 
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green  solutions,  and  the  chloride  also  dissolves  in  hydrochloric 
acid  with  evolution  of  heat.  It  is  decomposed  by  water  with 
formation  of  the  tetrachloride,  molybdic  acid,  and  hydrochloric 
acid.i 

When  molybdenum  trioxide  is  heated  with  phosphorus  penta- 
chloride  to  170°,  the  compound  MoClg.POClg  is  formed.  It 
crystallises  in  dark  green  prisms,  and  when  further  heated 
decomposes  into  its  two  constituents. 

Oxy-Halide  Derivatives  of  Molybdenum. 

489  Molybdenum  forms  a  large  number  of  derivatives  contain- 
ing oxygen  and  the  halogens,  many  of  which  are  volatile  and 
crystalline,  and  yield  crystalline  double  salts  with  other  metallic 
halides. 

Molyhdenyl  Tetrafiiwride,  MoOF^,  is  formed  by  the  action  of 
anhydrous  liquid  hydrofluoric  acid  on  the  corresponding  oxy- 
chloride  as  a  white  hygroscopic  body,  melting  at  97°  and 
boiling  at  180°.3 

Molybdenum  Dioxydifluoridc,  MoOgFg,  is  obtained  by  heating 
the  trioxide  with  cryolite  or  lead  fluoride  as  an  amorphous 
sublimate  having  a  bluish  tinge,  which  decomposes  in  the  air 
into  hydrogen  fluoride  and  molybdenum  trioxide  ^ ;  it  is  obtained 
in  solution  by  dissolving  the  trioxide  in  hydrofluoric  acid. 
It  may  also  be  obtained  by  the  action  of  anhydrous  liquid 
hydrofluoric  acid  on  the  dioxydichloride  as  a  white,  hygroscopic 
mass,  which  sublimes  at  about  270°,  and  turns  blue  in  the  air.* 
Crystalline  double  salts  are  formed  by  dissolving  the  normal 
and  poly-molybdates  in  hydrofluoric  acid. 

Potassium  MolyUtnum  Oxyfluoride,  K2Mo02F,,H20  =  MoO./„, 
2KF,H20,  forms  small  triclinic  crystals,  and  the  salt 
K2(F3Mo02)2,2H20  =  2(Mo02F2,KF,Hp)  crystallises  in  silky 
needles  which  evolve  hydrogen  fluoride  on  exposure  to  air.^ 
Double  salts  are  also  known  of  molybdenum  oxytrifluoride  and 
oxytetrafluoride  with  other  fluorides." 

Molyhdenyl  TdracMoride,  MoOCl^,  is  formed  by  the  action 
of  chlorine   on  a  moderately-heated   mixture   of  carbon  and 

'  Guiohard,  Bull.  Soc.  chim.,  1901,  [3],  25,  188. 

^  Ruff  and  Eisner,  Ber.,  1907,  40,  2931. 

^  Schultze,  J.pr.  Chem.,  1880,  21,  442. 

"  Ruff  and  Eisner,  Ber.,  1907,  40,  2933. 

^  Delafontaine,  Arch.  Sc.  Phys.  Nat.,  1855,  30,  240. 

"  Marchetti,  Z&it.  anorg.  Chem.,  1895,  10,  66. 
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molybdenum  dioxide.  It  forms  a  dark-green  crystalline  mass, 
or,  if  obtained  at  a  higher  temperature,  light-green  plates  having 
a  metallic  lustre.  It  melts  and  evaporates  below  100°,  solidify- 
ing to  a  green  glistening  mass  and  yielding  a  dark-red  vapour. 
It  is  readily  decomposed  by  water,  deliquescing  in  moist  air  to 
a  blue  liquid,  and  this  on  addition  of  water  gives  a  blue  precipi- 
tate which  becomes  brown  in  presence  of  ammonia.  According 
to  Klason,!  this  compound  is  molybdenyl  trichloride,  M0OCI3,  and 
not  tetrachloride,  since  it  yields  with  ammonia  the  double  salt 
ammonium  molyldcnyl  chloride,  MoOClg.aNH^Cl.  The  last 
compound  may  also  be  obtained  by  dissolving  ammonium 
molybdate  in  fuming  hydrochloric  acid  containing  ammonium 
iodide  and  a  small  quantity  of  ammonium  chloride,  heating 
until  no  more  iodine  is  set  free,  and  saturating  the  cooled 
mixture  with  hydrogen  chloride,  when  it  separates  in  grass-green 
octahedra.  Similar  compounds  have  been  obtained  with  potass- 
ium, rubidium,  and  caesium  chlorides.^ 

Molybdenum  DioxydicKloride,  MoOgCla. — This  compound  was 
originally  supposed  to  be  the  hexachloride,  its  true  composition 
being  first  ascertained  by  Eose.  It  is  obtained  by  heating  the 
dioxide  in  chlorine,  and  also,  together  with  other  chlorides,  when 
a  mixture  of  the  trioxide  and  carbon  is  substituted  for  the 
dioxide.  It  sublimes  usually  as  an  amorphous  mass,  and  melts 
only  in  closed  vessels,  in  which  it  may  be  sublimed  at  low 
temperatures  yielding  thin  tetragonal  plates,  or  mossy  aggre- 
gates.    It  dissolves  readily  in  water  and  alcohol. 

Bimolyhdenum  Trioxypcntachloride,  MogOgClj,  is  frequently 
formed  in  the  preparation  of  the  molybdenum  chlorides  from 
materials  containing  oxygen,  and  is  best  obtained  by  heating 
the  trioxide  in  chlorine ;  when  carefully  sublimed  in  a  current 
of  hydrogen  it  yields  well-developed  dark  reddish-brown 
crystals;  these  may  be  readily  melted  and  volatilised,  and 
dissolve  in  water  forming  a  solution  which  is  first  colourless, 
then  green,  and  finally  blue. 

Another  oxychloride,  MogOgClg,  is  obtained  by  the  repeated 
sublimation  of  the  oxytetrachloride,  and  forms  well-developed 
violet  prisms,  which  are  decomposed  on  heating  in  the  air 
into  molybdenum  dioxydichloride  and  chlorine.  When  heated 
to  a  temperature  somewhat  higher  than  that  needed  for  its 
formation,  it   yields   MogOgClg,  which  forms  pale-red   needles 

1  Ber.,  1901,  34,  148.  ^  Nordenakjold,  Ber.,  1901,  34,  1572. 
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and  is  stable  in  the  air.  Puttbach  has  prepared  several  other 
oxychloridcs.^ 

Molyhdenyl  Dihydroxydichloride,  MoO(OH)2C1.2,  is  obtained 
by  the  action  of  hydrogen  chloride  on  the  trioxide  at  150-200°, 
and  is  a  white  crystalline  substance  which  is  volatile  without 
decomposition  only  in  an  atmosphere  of  hydrogen  chloride.^ 

A  number  of  salts  of  chloromolybdic  acids,  which  may  be 
regarded  as  molybdates  in  which  the  oxygen  and  the  hydroxyl 
groups  are  partially  replaced  by  chlorine,  have  been  described. 
The  acid,  MoOCl3.0H,7H20,  is  obtained  by  the  action  of  fuming 
hydrochloric  acid  on  molybdenyl  hydroxide,  and  a  number  of  its 
salts  have  been  prepared.^ 

Molybdenum  JDi  xydihroviide,  MoOjBr^,  is  formed  when 
bromine  vapour  is  passed  over  the  heated  dioxide,  or  when  a 
mixture  of  molybdenum  trioxide  and  boron  trioxide  is  heated 
with  potassium  bromide : 

M0O3  +  B2O3  +  2KBr  =  MoO^Br^  +  2KBO2. 

It  forms  yellow  tablets  which  deliquesce  on  exposure  to  air. 

A  number  of  bromomolybdates  have  been  described  (Wein- 
larid  and  Knoll). 

Molybdenum  and  Sulphur. 

490  Molybdenum  Sesquisulphidc,  Mo^Sj,  is  obtained  when  the 
disulphide  is  heated  in  the  electric  furnace.  It  forms  steel-grey 
needles  of  specific  gravity  5"9  at  15°,  and  is  converted  into 
metallic  molybdenum  when  heated  to  a  higher  temperature  than 
that  at  which  it  is  formed.* 

Molyhdenum  Disulphide,  MoSj,  is  found  native  as  molyb- 
denite in  Sweden,  Norway,  Bohemia,  Saxony,  the  Urals,  at 
Caldbeck  Fells  in  Cumberland,  in  Connecticut,  California, 
and  elsewhere.  It  commonly  occurs  in  foliated  masses  or  in 
scales,  and  sometimes  in  tabular  hexagonal  prisms,  and  in  its 
general  appearance  is  very  similar  to  graphite,  since  it  possesses 
a  metallic  lustre  and  pure  lead-grey  colour,  and  leaves  a 
grey  trace  on  paper.  Molybdenite  generally  occurs  embedded 
in  or  disseminated  through  granite,  gneiss,  zirconsyenite, 
granular  limestone,  and  other  crystalline  rocks. 

1  Amialen,  1880,  201,  12.3.  •'  Debray,  Gompt.  rend.,  1858,  46,  1101. 

3  Weinland  and  Knoll,  Ber.,  1904,  37,  569;  Zeit.  nnorg.  Chmn.,  1905, 
44,  81. 

«  Guichard,  Bull.  So<:.  chim.,  1900,  [3],  23,  147. 
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When  the  trioxide  is  fused  withsulphur, or  heated  in  a  current 
of  sulphuretted  hydrogen,  the  same  compound  is  obtained  in  the 
form  of  a  glistening  black  powder,  easily  distinguished  from 
graphite  by  the  facts  that  when  heated  before  the  blowpipe  it 
is  incombustible,  that  it  oxidises  when  heated  in  the  air  with 
evolution  of  sulphur  dioxide  and  formation  of  molybdenum 
trioxide,  and  that  it  is  readily  oxidised  by  nitric  acid  and 
aqua  regia. 

Molyidenum  Trisulphide,  M0S3,  is  formed  when  sulphuretted 
hydrogen  is  passed  into  the  concentrated  solution  of  a  molybdate 
and  hydrochloric  acid  added  to  the  liquid.  It  may  likewise  be 
prepared  by  boiling  the  molybdate  of  an  alkali  metal  for  a  short 
time  with  ammonium  sulphide,  and  then  precipitating  with 
dilute  sulphuric  acid.  Thus  obtained  it  is  a  reddish-brown 
precipitate  which  dries  to  a  blackish-brown  powder.  On  heating 
in  absence  of  air  it  splits  up  into  the  foregoing  compound  and 
sulphur.  It  combines  with  basic  sulphides  to  form  soluble 
thio-salts. 

Potassium  Tliiomolyhdate,  KgMoS^,  is  formed  when  potassium 
molybdate  is  saturated  with  sulphuretted  hydrogen.  On 
evaporating  the  solution  the  compound  crystallises  out  in  ruby- 
red  four-  or  eight-sided  tablets  which  have  a  green  metallic 
lustre,  and  dissolve  in  water  to  form  a  yellowish-red  solution. 

Ammonium  TMomolyhdate,  (NII^)2MoS4,  is  obtained  by  dis- 
solving the  trisulphide  in  ammonium  sulphide,  and  crystallises 
in  cinnabar-red  scales. 

A  series  of  complicated  mono-  and  di-thiomolybdates  has 
been  described  by  Kriiss. 

Molybdenum  Tetrasulphide,  MoS^,  is  obtained  by  heating  penta- 
thiomolybdic  acid  to  140°  as  a  cinnamon-brown  powder  which 
undergoes  slight  oxidation  in  the  air.  The  pentathio-acid 
is  obtained  as  a  reddish-brown  powder  by  the  action  of  dilute 
hydrochloric  acid  on  the  potassium  salt. 

Potassiiom  Pentathiomolyldate,  KHMoSg,  is  obtained  by 
evaporating  a  solution  of  potassium  dimolybdate  which  has  been 
saturated  with  sulphuretted  hydrogen,  and  separates  in  blood-red 
prisms  probably  belonging  to  the  rhombic  system,  which  are 
sparingly  soluble  in  water.  A  black  powder  consisting  of 
molybdenum  di-  and  tri-sulphides  separates  out  at  the  same 
time.^ 

Perthiomolyldic  Acid.,  HMoSg. — When  a  solution  of  normal 

1  Annakn,  1884,  225,  1. 
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ammonium  thiomolybdate  is  mixed  with  a  solution  of  ammonium 
polysulphidos,  amwMimm  hexathiomolyhdate  or  perthiomolyMate 
separates  out  in  black  lustrous  needles,  which  are  sparingly 
soluble  in  water  and  alcohol.  By  the  action  of  caustic  potash 
it  yields  the  corresponding  potassium  salt,  KMoSg,  which 
crystallises  in  thin  dark-brown  plates,  and  is  more  soluble  in 
water  than  the  ammonium  salt.  The  free  acid,  HMoSg,  is  ob- 
tained by  treating  the  ammonium  salt  with  cold  10  per  cent, 
hydrochloric  acid  and  washing  the  product  with  carbon 
disulphide.^ 

Molybdenum  and  Nitrogen,  Phosphorus,  Boron,  Carbon, 

AND  Silicon. 

491  Molybdenum  Nitride.  —  When  molybdenum  oxide, 
hydroxide,  or  mixtures  of  the  two  are  heated  to  500-600"  with 
equal  parts  of  nitrogen  and  hydrogen  under  a  pressure  of  about 
60  atmospheres  a  molybdenum  nitride  is  formed.  It  is  used 
technically  and  when  heated  in  a  vacuum  yields  pure  metallic 
molybdenum  and  ammonia.^ 

Molyldenum  Phosphide,  MoP,  is  obtained  by  strongly 
heating  molybdenum  trioxide  and  metaphosphoric  acid  in  a 
carbon  crucible.  It  forms  a  grey  vesicular  mass  having  a 
metallic  lustre  and  containing  crystals  in  the  cavities.  On 
ignitiou  in  the  air  it  oxidises  slowly,  and  it  takes  fire  when 
thrown  into  fused  nitre. 

Molyldenum  Boride,  MojB^,  is  formed  when  the  elements  are 
heated  together  in  the  electric  furnace  ^  as  a  pale  brass-like  sub- 
stance of  the  specific  gravity  7'105. 

Molyldenum  Carlides. — The  carbide,  MoC,  is  obtained  by 
fusing  in  the  electric  furnace  ^  a  mixture  of  molybdenum,  carbon, 
and  aluminium,  as  a  grey  crystalline  powder  of  specific  gravity 
8'40  at  20°,  whilst  the  compound,  Mo^C,  is  formed  when 
calcium  carbide  is  heated  in  the  electric  furnace  with 
molybdenum  dioxide.^ 

Molylde^mm  Silicide,  MojSij,  is  formed  as  a  crystalline  com- 
pound when  the  oxide  obtained  by  calcining  ammonium 
molybdate  is  heated  with  silicon  in  the  electric  furnace.^ 

1  Hofmann,  Zeit.  anorg.  Chem.,  1896,  12,  55.  ^  jy  ^  -p    246554. 

■*  Tucker  and  Moody,  Joum.  Chem.  Soc,  1902,  81,  16. 
^  Moissan  and  Hoffmann,  Compt.  rend.,  1904,  138,  1558. 
"  Moissan,  Oompt.  rend.,  1897,  125,  839. 
•■  Yigouroux,  Compt.  rend.,  1899,  129,  1238. 
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Detection  and  Estimation  of  Molybdenum. 

492  Molybdenum  trioxide  and  the  raolybdates  may  be  de- 
tected inasmuch  as  the  colourless  hydrochloric  acid  solution 
when  brought  into  contact  with  zinc  becomes  of  a  blue,  green, 
and  lastly  dark-brown  colour.  The  lower  oxides,  as  well  as  their 
salts,  can  be  readily  transformed  into  the  molybdates  by  oxida- 
tion. Molybdenum  trioxide  colours  the  blowpipe  flame  a  yellow- 
ish-green, and  imparts  to  a  bead  of  borax  or  microcosmic  salt  a 
fine  green  colour  in  the  reducing  flame.  Hydrochloric  or  nitric 
acid  produces  a  curdy  precipitate  in  solutions  of  a  molybdate 
when  not  too  dilute.  This  dissolves  in  an  excess  of  acid,  and  even 
in  a  large  quantity  of  water.  A  solution  of  ammonium  molyb- 
date in  nitric  acid  becomes  yellow-coloured  on  the  addition  of  a 
few  drops  of  sodium  phosphate,  and  on  warming  a  heavy  yellow 
precipitate  of  ammonium  phosphomolybdate  (p.  1071)  separates 
out.  If  some  zinc  be  added  even  to  a  very  dilute  solution  of 
a  molybdate,  and  then  hydrochloric  acid  and  a  concentrated 
solution  of  potassium  thiocyanate,  the  liquid  becomes  coloured 
deep  red,  the  red  compound  being  extracted  on  shaking  up 
with  ether.  The  ethereal  solution  is  first  orange-red,  but 
becomes  carmine-red  by  the  oxidising  action  of  the  air. 

Molybdenum  trisulphide  is  slowly  precipitated  from  an  acid 
solution  by  sulphuretted  hydrogen,  and  it  dissolves  readily  in 
ammonium  sulphide.  When  the  solution  containing  ammonium 
thiomolybdate  is  acidified  with  dilute  nitric  acid,  molybdenum 
trisulphide  is  thrown  down. 

In  order  to  estimate  molybdenum  quantitatively  it  must  be 
obtained  as  a  neutral  molybdate,  which  is  then  precipitated  with 
a  neutral  solution  of  mercurous  nitrate.  The  yellow  precipitate 
which  falls  down  is  washed  with  a  solution  of  mercurous  nitrate, 
dried,  and  then  either  heated  in  a  stream  of  hydrogen,  when 
molybdenum  dioxide  is  formed,  or  ignited  with  a  weighed 
quantity  of  anhydrous  lead  oxide  until  all  the  mercury  is 
driven  off.  The  increase  of  weight  then  gives  the  amount  of 
trioxide  present. 

It  can  be  estimated  also  volumetrically.  In  acid  solutions 
molybdic  salts  are  reduced  by  zinc  to  the  sesqui-compounds, 
which  can  then  be  titrated  with  standard  permanganate : 

SMjOg  +  6KMnO,  -|-  9H2SO,  =  IOM0O3  -|-  6MnS0,  +  SK^SO, 

-|-9H„0. 
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Atomic  Weight  of  Molybdenum. —  The  determination  of  the 
atomic  weight  of  molybdenum  has  been  frequently  made,  but 
with  varying  results.  After  an  inaccurate  determination  by 
Berzelius,  Svanberg  and  Struve  obtained  the  number  92'5, 
which  was  confirmed  by  Berlin,  and  then  generally  adopted. 
The  investigation  of  Dumas  ^  then  showed  that  the  number  just 
quoted  was  distinctly  too  low,  the  average  obtained  by  the 
reduction  of  the  trioxide  to  the  metal  in  a  current  of  hydrogen 
being  95'9 ;  the  numbers  in  the  different  experiments  varying, 
however,  from  95'3  to  962.  Debray^  obtained  the  number  95'5 
by  the  same  method,  whilst  Liechti  and  Kempe'  by  the 
analysis  of  the  di-,  tri-,  and  penta-chloride  of  molybdenum 
obtained  the  same  average  number  as  Dumas  ;  but  in  this  case 
also  the  numbers  found  in  the  different  experiments  varied 
considerably.  More  recently  Smith  and  Maas*  have  found 
the  number  96'06,  the  method  adopted  being  to  heat  pure 
sodium  molybdate  in  a  current  of  hydrogen  chloride,  when  the 
following  reaction  takes  place  : 

Na^MoO,  +  4HC1  =  2NaCl  +  Mo(OH)20Cl2  +  H^O. 

The  last  two  being  volatile,  only  pure  sodium  chloride  remains 
behind,  and  from  the  amount  of  this  obtained  from  a  given 
quantity  of  sodium  molybdate,  the  above  number  was  obtained 
as  the  average  of  ten  closely  agreeing  experiments.  Lastly, 
Seubert  and  Pollard,^  by  the  acidimetric  determination  of 
molybdic  acid,  obtained  the  number  95-92,  and  by  the  reduction 
of  the  trioxide  to  the  metal  in  a  current  of  hydrogen  the 
number  96-01.     The  atomic  weight  now  adopted  (1913)  is  96-0. 


TUNGSTEN.     W=  184-0. 

493  The  minerals  tungsten  or  heavy-stone,  now  termed 
scheelite  or  calcium  tungstate,  and  wolfram  (the  lupi  spima 
of  Agricola)  were,  up  to  the  middle  of  the  eighteenth  century, 
both  classed  amongst  the  tin  ores.  In  1781,  Scheele  proved  that 
tungsten  was  composed  of  lime  combined  with  a  peculiar  acid, 
and  in  the  same  year,  Bergmann  stated  that,  in  his  opinion,  this 

1  Ann.  Ghim.  Phys.,  1859,  [.3],  55,  1-29. 

2  Compt.  rend.,  1868,  66,  732.  s  Annahn,  1873,  169,  360. 

<  Zek.  anorg.  Chem.,  1893,  5,  280.         ^  _^g,-;_  „„g^^^  Chem.,  1895,  8,  434. 
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acid  was  a  metallic  calx.  Two  years  later  the  Spanish  chemists 
Juan,  Jos^,  and  Fausto  d'Elhujar/  showed  that  this  same  acid 
is  contained  in  the  mineral  wolfram,  combined  with  iron  and 
manganese.  They  succeeded  also  in  producing  metallic  tungsten 
from  the  acid. 

Tungsten  is  not  a  common  metal,  being  found  only  in  a  few 
minerals,  sorue  of  which  occur,  however,  in  fairly  large  quan- 
tities. The  most  important  of  these  is  wolfram,  or  wolframite, 
a  tungstate  of  iron  and  manganese,  (Fe,Mn)WO^,  found  in 
Cornwall,  in  Cumberland,  on  Rona  in  the  Hebrides,  in  County 
Wicklow,  at  Zinnwald,  in  many  localities  in  the  United  States, 
and  also  in  Austria-Hungary,  Spain,  Portugal,  Queensland,  New 
Zealand,  Tasmania,  Canada,  and  various  parts  of  South  America. 
Other  important  tungsten  minerals  are  scheelite  or  calcium 
tungstate,  CaWO^,  and  stolzite  or  lead  tungstate,  PbWO^. 
In  addition  to  these,  tungsten  occurs  in  the  following 
somewhat  rare  -  minerals :  wolframochre,  WO3 ;  ferberite, 
2(Fe,Mn)W0^,(Fe,Mn)0 ;  htibnerite,  MnWO^ ;  and  cupro- 
scheelite,  or  cuprotungstite,  (Ca,Cu)WO^. 

Metallic  Tungsten  is  obtained  from  wolfram  by  a  method 
which  consists  of  three  distinct  stages.^  Sodium  tungstate  is 
first  prepared  by  heating  together  a  mixture  of  the  ground  ore 
and  sodium  carbonate.  When  this  operation  is  carried  out 
under  proper  conditions  the  extraction  is  complete,  and  at  the 
same  time  any  tin  and  silica  present  are  left  insoluble.  The 
sodium  tungstate  thus  formed  is  dissolved  in  water  and  separated 
from  the  oxides  of  iron,  aluminium,  manganese,  tin,  and  silicon, 
by  filtration,  and  tungstic  acid,  H^WO^,  is  then  precipitated  by 
means  of  acid.  In  this  step  care  is  necessary  to  prevent  the 
formation  of  hydrated  tungstic  acid,  which  is  soluble  (see  p.  1087). 
The  tungstic  acid  thus  obtained  is  washed  free  from  soda  salts 
and  dried,  and  the  resulting  tungstic  oxide  is  mixed  with  car- 
bonaceous materials  and  submitted  to  a  high  temperature  in 
crucibles  for  reduction  to  metal.  A  well-fired  crucible  when 
opened  should  be  uniform  throughout,  with  the  exception  of 
a  thin  layer  of  tops  or  undecomposed  tungstic  oxide  and  carbon, 
which  can  be  readily  removed. 

'  A  Chemical  Analysis  of  Wolfram  and  Examination  of  a  New  Metal,  which 
enters  into  its  Composition.  Translated  from  the  Spanish  by  C.  Cullen,  to 
which  is  prefixed  a  translation  of  Mr.  Scheele's  analysis  of  the  Tungsten,  or 
heavy-stone,  with  Mr.  Bergmann's  supplemental  remarks,     London,  1785. 

2  Hadfield,  J.  Iron  Steel  Institute,  1903,  64,  38. 
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Tungsten  containing  99  per  cent,  of  the  metal  has  been 
obtained  by  fusing  tungsten  trisulphide  with  lime.^ 

Metallic  tungsten  is  generally  used  in  commerce  in  the 
powdered  state,  but  a  considerable  quantity  of  ferrotungsten 
is  manufactured  by  means  of  the  electric  furnace,  and 
alloys  with  manganese  and  other  metals  can  be  obtained  by 
reducing  a  mixture  of  the  oxides  with  aluminium.  The  purest 
forms  of  tungsten  at  present  obtainable  are  hard  and  brittle, 
and  are  not  ductile  eibher  at  ordinary  temperatures  or  when 
heated. 

Metallic  tungsten  may  be  prepared  on  the  small  scale  by  the 
reduction  of  the  trioxide  with  carbon  or  in  a  current  of  hydrogen, 
by  the  reduction  of  the  chloride  in  sodium  vapour,  or  by 
heating  a  mixture  of  the  trioxide  with  one-tenth  of  its  weight 
of  sugar  charcoal  in  the  electric  furnace  ;  if  care  be  taken 
that  complete  fusion  of  the  metal  does  not  occur,  the  latter  is 
free  from  carbon.^  The  metal  thus  obtained  is  as  a  rule  fused  on 
the  surface,  but  is  porous  internally,  and  can  be  welded  like 
iron.  It  has  been  obtained  in  the  form  of  a  regulus  by  reducing 
the  oxide  with  aluminium  turnings  and  at  the  close  of  the  re- 
action adding  aluminium  foil,  and  blowing  in  a  stream  of  oxygen, 
or  by  adding  liquid  air  to  a  mixture  of  the  oxide  and  alumiqium 
and  igniting  as  in  the  thermite  process.^  The  powdered  metal 
can  be  prepared  also  by  heating  the  oxide  with  zinc  and 
extracting  the  product  with  caustic  soda  solution,*  and  by  the 
action  of  dilute  acids  on  the  alloys  of  manganese  and  tungsten.* 

In  the  form  of  a  regulus  tungsten  has  a  slightly  darker 
colour  than  zinc,  shows  a  crystalline  structure,  is  harder  than 
glass,  and  has  the  sp.  gr.  16'6  (Stavenhagen),  whereas  the 
metal  obtained  by  Moissan  did  not  scratch  glass,  and  had  a 
sp.  gr.  of  18-7.«  The  metal  is  not  magnetic,  it  has  the  specific 
heat  00340  at  93°,  0-0375  at  423°,^  melts ^  at  about  2,800°,  and 
can  be  volatilised  in  the  electric  furnace,  but  is  more  refractory 
than  iron,  molybdenum,  or  uranium.9     Von  Pirani  and  Meyer  i» 

'  Weiss,  Zeit.  anorg.  Chem.,  1910,  65,  279. 
^  Moissan,  Compl.  rend.,  1896,  123,  13. 
3  Stavenhagen,  Ber.,  1899,  32,  1513,  3064. 
•*  Del^pine,  Gompt.  rend.,  1900,  131,  184. 
■'  Arrivant,  Gompt.  rend.,  1906,  143,  594. 
"  See  also  Rosooe,  Mem.  Manch.  Phil.  Soc,  aS72,  [3],  5,  77. 
'  Defacqz  and  Guichard,  Ann.  Ghim.  Phys.,  1901,  [7]',  24   139 
'  Wartenberg,  Ber.,  1907,  40,  3287.  '       '       '    '    ' 

'  Moissan,  Gompt.  rend.,  1906,  142,  425. 
"  Ber.  deut.  physilMl.  Ges.,  1912,  14,  426. 
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give  the  melting  point  at  3100°  ±60".  It  is  attacked  by  fluor- 
ine at  the  ordinary  temperature  with  incandescence,  and  by 
chlorine  at  250-300°,  but  has  no  action  on  nitrogen  and 
phosphorus  at  a  red  heat ;  when  heated  with  carbon,  silicon,  or 
boron  in  the  electric  furnace  it  yields  crystalline  compounds 
having  a  metallic  lustre,  which  are  hard  enough  to  scratch 
rubies.  It  is  slowly  attacked  by  fuming  sulphuric  acid  and  by 
fused  alkalis.^  At  a  red  heat  the  powdered  metal  burns  in  air 
forming  the  trioxide,  but  it  is  not  readily  oxidised  by  moist  air 
although  slowly  attacked  by  water  containing  carbon  dioxide  ; 
it  is  readily  oxidised  when  heated  with  oxidising  agents  such 
as  lead  dioxide  or  potassium  chlorate.  Sulphuric,  hydrochloric, 
and  hydrofluoric  acids  act  upon  it  slowly,  but  it  is  readily 
dissolved  by  a  mixture  of  nitric  and  hydrofluoric  acids  ;  the 
powdered  metal  is  rapidly  oxidised  by  aqua  regia,  and  dissolves 
in  boiling  caustic  potash  solution  with  formation  of  potassium 
tungstate  and  evolution  of  hydrogen,  whereas  the  fused  metal 
is  not  attacked  by  aqua  regia,  but  dissolves  slowly  in  fused  potash 
(Stavenhagen).  Tungsten  has  been  utilised  for  the  production 
of  filaments  for  incandescent  electric  lamps  which  have  a  very 
high  efficiency.^  It  is  also  largely  employed  in  the  manufacture 
of  tungsten  steels,  generally  in  the  form  of  ferro-tungsten. 


COMPOUNDS  OF    TUNGSTEN. 

Tungsten  and  Oxygen. 

494  Tungsten  forms  two  definite  oxides:  tungsten  dioxide, 
WOg,  and  tungsten  trioxide,  WO3.  These  combine  together  to 
form  compounds  analogous  to  the  blue  oxides  of  molybdenum 
(p.  1081). 

Tungsten  Dioxide,  WOg. — This  oxide  is  formed  when  a  current 
of  hydrogen  is  passed  over  the  trioxide,  WO,,  at  a  dull  red  heat. 
It  may  also  be  obtained  in  the  wet  way  by  reducing  the  trioxide, 
mixed  with  hydrochloric  acid,  by  means  of  metallic  zinc,  or  by 
the  action  of  water  on  the  tetrachloride.  In  preparing  it  in 
the  dry  way  care  is  needed,  as  if  the  temperature  be  too  high 
metallic  tungsten  is  formed,  whereas  if  the  heat  be  not  suffi- 
cient,  the   intermediate   blue   oxide   is   produced.      Tungsten 

1  Ruder,  /.  Amer.  Chem.  Soc,  1912,  34,  387. 

2  /.  fur  Gasbeleuchtung,  1906,  49,  756  ;  Nature,  1907,  76,  156  ;  /.  Inst. 
Meet.  Engineers,  1907,  38,  211. 
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dioxide  is  a  brown  powder  of  specific  gravity  12-1,  which  has  a 
copper-red  colour  when  crystalline  trioxide  is  employed  for  its 
preparation.  It  is  strongly  pyrophoric,  and  must  be  cooled  in 
hydrogen  for  some  time  before  it  is  exposed  to  the  air.  It  is 
slightly  soluble  in  concentrated  hydrochloric  acid  and  sulphuric 
acid,  yielding  purple  solutions.  Oxidising  agents  convert  it 
rapidly  into  the  trioxide.  It  dissolves  in  potash  with  dis- 
engagement of  hydrogen  and  the  production  of  potassium 
tungstate : 

W02-f-2KOH  =  K2WO,+H2. 

Tungsten  Trioxide,  WO3. — This  oxide  occurs  native  as  wolfra- 
mine,  a  yellow  powder  found  together  with  other  tungsten 
minerals  in  Cumberland,  near  Limoges,  in  Connecticut,  and  in 
North  Carolina.  In  order  to  prepare  the  trioxide,  the  method 
already  described  (p.  1083)  may  be  adopted,  or  finely  powdered 
wolfram  may  be  digested  for  a  long  time  with  hydrochloric 
acid,  the  mixture  frequently  shaken,  the  acid  renewed,  and  a 
little  nitric  acid  added  towards  the  end  of  the  process  to  oxidise 
the  iron.  This  is  continued  until  the  acid  has  dissolved  out  the 
whole  of  the  iron  and  manganese  and  the  brown  powder  has 
become  yellow-coloured.  The  insoluble  portion  consisting  of 
tungsten  trioxide  and  undecomposed  wolfram  and  quartz,  after 
being  well  washed,  is  shaken  up  with  a  solution  of  ammonia 
which  dissolves  the  liberated  tungstic  acid.  The  solution  is 
crystallised  and  the  crystals  are  converted  into  the  trioxide  by 
ignition  in  the  air.  Wohler  converted  the  wolframite  into 
calcium  tungstate  by  fusing  the  finely  powdered  mineral  for 
an  hour  with  twice  its  weight  of  chloride  of  calcium  and  then 
lixiviating,  when  calcium  tungstate  remained  behind.  This  was 
then  decomposed  by  nitric  acid,  and  tungsten  trioxide  obtained 
by  igniting  the  yellow  precipitate  thus  thrown  down.  The 
native  tungstate  of  calcium  (scheelite)  can  also  be  decomposed 
in  this  way. 

Tungsten  trioxide  is  a  bright  canary-yellow  coloured 
amorphous  powder  which  becomes  dark-orange  on  heating,  but 
regains  its  bright  yellow  colour  on  cooling.  A  very  slight 
admixture  of  sodium  salt  imparts  to  the  oxide  a  greenish  tint 
which  no  amount  of  oxidation  can  remove  (Roscoe).  It  also 
becomes  greenish  on  exposure  to  light.  Tungsten  trioxide  has 
been  obtained  in  the  crystalline  state  by  Debray,  by  igniting 
a   mixture   of  sodium   tungstate  and  carbonate  in  a  current 
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of  hydrochloric  acid,  when  the  trioxide  is  obtained  in  olive- 
green  rectangular  prisms  which  sublime  at  a  white  heat.  The 
crystalline  trioxide  has  also  been  prepared  by  heating  hydrated 
tungstic  acid  with  borax  in  a  porcelain  tube  (Nordenskjold). 
The  specific  gravity  of  tungsten  trioxide  thus  obtained  is  6'34. 
The  amorphous  oxide  is  soluble  and  the  crystalline  oxide 
insoluble  in  sulphur  monochloride.^ 


Tungstic  Acid  and  the  Tungstates. 

495  Tungsten  trioxide  is  an  acid-forming  oxide,  and  yields  two 
tungstic  acids,  the  normal  acid,  HjWO^,  and  metatungstic  or 
tetratungstic  acid,  HgW^Ojg,  the  salts  of  which  correspond  to 
the  tetrachromates  and  tetramolybdates.  In  addition  to  the 
salts  corresponding  to  these  acids,  a  large  number  of  other 
tungstates  analogous  to  the  polychromates  and  polymolybdates 
have  been  prepared,  the  formulae  of  which  are  given  in  the 
following  columns :  ^ 

M'^WO,  =M.\0,WOs.  M\Wfi^  =M^20,8W03. 

M.\'Wfi,  =M.\0,2W0,.  M^.W^Oi^   =2M'.p,5W03. 

M.\-WsO,,  =  M.\0,S-WO,.  M'eW^Oa,  =3Mi20,7W03. 

M.\W,Ou  =  '^^\OA^O^.  MigWgOig  =4Mi20,3W03.    . 

M\Wfi,,  =  M.\0,5WOs.  M\oWi20,i  =  5M^20.12W03. 
Mi2WgOig  =  M'20,6W03. 

Many  of  these  crystallise  with  a  number  of  molecules  of 
water,  forming  well-developed  crystals.  The  salts  of  the 
formula  M^^QW^gO^^  are  termed  paratungstates. 

The  tungstates  also  yield  complex  salts  with  many  other 
acidic  oxides  analogous  to  the  complex  molybdates. 

Tungstic  Acid,  HjWO^. — When  a  solution  of  a  tungstate  is 
precipitated  by  an  acid  in  the  cold,  a  white  precipitate  is  thrown 
down  consisting  of  hydrated  tungstic  acid,  H2WO^,H20.  This 
is  soluble  in  water,  possesses  a  bitter  taste  and  reddens  litmus. 
If,  on  the  other  hand,  an  excess  of  hot  acid  be  used,  anhydrous 
tungstic  acid,  HgWO^,  separates  as  a  yellow  powder,  insoluble  in 
water  and  in  all  acids  except  hydrofluoric  acid.  If  pure  tungsten 
hexachloride  be  exposed  to  the  action  of  moist  air,  the  red 

1  Smith  and  Fleck,  J.  Amer.  Chem.  Soc,  1899,  21,  1008. 
^  See  Schaefer,  Zeit.  anorg.  Chem.,  1904,  38,  142,  where  the  literature  is 
quoted. 
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monoxychloride  is  first  formed,  and  this  soon  passes  into  a  fine 
flocculent  mass  of  tungstio  acid. 

The  tungstates  are  insoluble  in  water  with  the  exception  of 
those  of  the  alkali  metals  ;  and  even  of  these,  some  tungstates 
of  potassium  and  ammonium  are  only  sparingly  soluble.  The 
tungstates  of  the  alkaline  earth  metals,  and  of  the  heavy  metals 
are  mostly  amorphous  powders,  but  they  may  be  obtained  in 
the  crystalline  state  by  double  decomposition  at  a  high 
temperature. 

Mefahmgstic  Acid,  H2W^Oi3,7H20. — The  salts  of  this  acid 
were  discovered  by  Margueritte,^  but  the  acid  was  first  prepared 
by  Scheibler.^  For  this  purpose  the  barium  salt  is  decomposed 
by  dilute  sulphuric  acid  or  the  lead  salt  with  sulphuretted 
hydrogen.  Metatungstic  acid  crystallises  in  small  yellow  octa- 
hedra  which  lose  their  water  of  crystallisation  at  100°,  and  on 
ignition  are  converted  into  the  trioxide.  They  are  readily 
soluble  in  water  and  the  solution  possesses  a  harsh,  bitter  taste. 
When  the  solution  is  concentrated  by  boiling,  a  white  hydrate 
is  deposited  and  afterwards  the  trioxide  separates  out.  The 
metatungstates  of  the  alkali  metals  are  formed  when  the 
ordinary  tungstates  are  boiled  with  tungstic  acid  until  the 
filtrate  gives  no  precipitate  on  addition  of  hydrochloric  acid. 
The  metatungstates  of  the  other  metals  are,  as  a  rule,  easily 
soluble  in  water,  and  are  best  prepared  by  double  decomposition 
of  the  barium  salt  with  the  corresponding  sulphate  or  carbonate. 
The  warm  solutions  usually  yield  the  salts  in  amorphous  masses 
when  evaporated,  but  when  concentrated  over  sulphuric  acid 
they  frequently  crystallise.  The  metatungstates  possess  a 
bitter  taste,  and  do  not  yield  a  precipitate  on  addition  of  an 
acid,  though  on  continued  boiling  ordinary  tungstic  acid  is 
deposited. 

Colloidal  Tungstic  Acid. — This  modification  of  tungstic  acid 
was^,  discovered  by  Graham,^  and  is  obtained  by  dialysing  a 
6  per  cent,  solution  of  sodium  tungstate  to  which  sufficient 
hydrochloric  acid  has  been  added  to  combine  with  the  sodium. 
The  liquid  remaining  in  the  dialyser  possesses  a  bitter  astrin- 
gent taste  and  does  not  gela.tinise  on  the  addition  of  acids,  even 
on  boiling.  On  evaporating  in  a  vacuum  a  transparent  gum- 
like mass  is  obtained,  and  this  can  be  heated  to  200°  without 
losing  its  solubility,  whilst  at  a  red  heat  it  is  transformed  into 

1  An7i.  Chim.  Phys.,  1846,  [3],  17,  475. 

2  J.  pr.  Chem.,  1861,  83,  310.  ^  Jmirn.  Chem.  Soc,  1864,  .325. 
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tungsten  trioxide,  losing  2-4  per  cent,  of  water.  When 
moistened  with  water  the  colloidal  acid  becomes  pasty  and 
adhesive  like  gum,  dissolving  completely  in  one  quarter  of  its 
weight  of  water.  It  can  also  be  obtained  by  dialysing  a  solution 
of  freslily  precipitated  tungstic  acid  in  oxalic  acid.^ 

Sodium  Tungstates. — The  normal  salt,  Na2W04,2H20,  is 
prepared  like  the  potassium  salt,  and  is  obtained  on  the  large 
scale  by  fusing  wolfram  with  soda  ash.  It  crystallises  in  thin 
rhombic  prisms  which  dissolve  in  four  parts  of  cold  and  in  two 
parts  of  boiling  water.^  The  solution  possesses  a  bitter  taste 
and  has  an  alkaline  reaction.  The  crystals  do  not  undergo 
alteration  in  the  air,  and  they  are  insoluble  in  alcohol.  When 
heated  to  200°  it  becomes  opaque  and  loses  its  water,  and  fuses 
at  a  red  heat. 

Sodium  Parahmgstate,  'i^?i.^^^jd^^,28R^0. — This  salt,  which 
is  the  one  known  commercially  as  tungstate  of  soda,  is  prepared 
on  the  large  scale  by  roasting  wolfram  with  soda  ash  and  lixivi- 
ating the  fused  mass.  The  boiling  solution  is  nearly  neutralised 
with  hydrochloric  acid  and  allowed  to  crystallise  at  the  ordinary 
temperature,  when  the  salt  separates  in  large  triclinic  crystals. 
At  a  higher  temperature  crystals  containing  25  and  21  molecules 
of  water  are  formed.  This  salt  is  sometimes  used  in  place  of 
sodium  stannate  as  a  mordant  in  dyeing  and  calico  printing, 
and  is  also  employed  for  rendering  cotton,  linen,  "  flannelette," 
&c.,  uninflammable.^ 

Sodium  Metatungstate,  Na2W4Oi3,10H2O,  is  formed  by  prolonged 
boiling  of  the  normal  salt  with  tungsten  trioxide.  It  crystal- 
lises in  efflorescent  octahedra  probably  belonging  to  the  regular 
system.  Cold  water  dissolves  10'69  times  its  weight  of  this 
salt,  and  boiling  water  dissolves  it  in  all  proportions.  It  loses 
its  water  at  a  red  heat  (Marignac  and  Scheibler). 

Potassium  Tungstates. — The  normal  salt,  KgWO^,  is  obtained 
by  adding  tungsten  trioxide  little  by  little  to  its  own  weight  of 
fused  potassium  carbonate.  On  cooling  a  solution  of  the  fused 
mass  in  hot  water,  normal  potassium  tungstate  crystallises  in 
large  acicular  anhydrous  crystals,  or  in  large  prismatic  crystals, 
K2W04,2Hp  (Marignac).  When  the  normal  salt  is  boiled  with 
a  small  quantity  of  water,  or  when  tungsten  trioxide  is  added 

1  Pappad4,  Gazz.,  1902,  32,  ii.,  22.  Compare  Sabanieff,  Zeit.  anorg. 
Ohem.,  1897,  14,  354. 

2  Marignac,  Ann.  Chim.  Phys.,  1863,  [3],  69,  39. 

'  Veramann,  Reports  of  (he  Juries  of  ike  Exhibition  o/1862. 
VOL.   II  4   A 
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to  its  boiling  solution  until  no  more  dissolves,  glistening  scales 
of  the  paratungstate,  KjgWjgO^j.llHgO,  are  deposited.  These 
dissolve  more  readily  in  hot  than  in  cold  water,  and  the  solu- 
tion has  an  acrid  taste  and  acid  reaction.  When  alcohol  is 
added  to  the  aqueous  solution  a  precipitate  is  formed ;  this 
dissolves  on  warming,  but,  on  cooling,  the  solution  deposits  scales 
of  potassium  metatungstdte,  K2W^Oi3,5H20 ;  a  second  hydrated 
salt  containing  SHgO,  crystallising  in  octahedra,  is  obtained 
from  the  mother-liquor  of  the  normal  tungstate. 

Ammonium  Tungstates. — The  normal  salt  is  extremely 
unstable.^  When  a  solution  of  tungstic  acid  in  ammonia  is 
allowed  to  evaporate  over  caustic  lime,  warty  concretions  of 
(NH^)gW30i3,3H20  are  sometimes  deposited,  which  easily  give 
off  ammonia.  Needle-shaped  crystals  or  tablets  having  the 
composition  (NB.^)gW^0^^,6B.fi  are,  however,  usually  deposited, 
whilst  sometimes  small  triclinic  crystals  of  (NH^)^W50ij,5H20 
likewise  occur.  If,  however,  the  ammoniacal  solution  of  the 
trioxide  be  allowed  to  evaporate  whilst  warm,  monoclinic 
crystals  of  (NHJ^oWjaO^pSH^O  separate  oiit.  When  tungsten 
trioxide  is  boiled  with  ammonia,  tetragonal  prisms  of  ammonium 
metatungstate,  (NHJ^W^Ojg.SHjO,  are  obtained.  These  are  very 
soluble,  and  effloresce  quickly  on  exposure  to  the  air.  Besides 
these  many  other  ammonium  tungstates  have  been  prepared 
(Marignac),  as  well  as  compounds  of  these  with  ammonia,  and 
ammoniacal  derivatives  of  other  tungstates.^ 

Normal  Calcium  Tungstate,  CaWO^.— This  occurs  native  as 
scheelite  in  vitreous  yellowish- white  tetragonal  pyramids.  Sorne 
of  its  chief  localities  are  Zinnwald,  Caldbeck  Fell  in  Cumber- 
land, Piedmont,  Dalecarlia,  in  the  Vosges,  at  Hiintingdon  in 
Connecticut,  and  at  the  Mammoth  mining  district  in  Nevada. 
The  crystals  usually  contain  iron,  and  are  found  in  crystaUine 
rocks  in  connection  with  tin-ore,  topaz,  apatite,  wolfram,  &c. 

It  is  prepared  artificially  as  a  white  insoluble  precipitate  by 
raixing  solutions  of  calcium  chloride  and  a  normal  tungstate,  and 
can  be  obtained  in  the  crystalline  form  of  scheelite  by  heating 
the  precipitate  mixed  with  lime  in  a  current  of  hydrochloric 
acid.  If  a  hot  solution  of  metatungstic  acid  be  saturated  with 
calcium  carbonate,  calcium  metatungstate,  C&Wf>^^,lQB:f),  is 
obtained,  crystallising  in  small  tetragonal  octahedra. 

^  Rosenheim  and  Jacobsohn,  Zeit.  anorg.  Chem.,  1906   50  297 
19o/85°672'  ^"""'  ^'''"■-  '^'"•'  ^^*^^'  24.  629;'Briggs,  Jm^m'.   Ohem.  Soc, 
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Lead  Tungstate,  PbWO^,  occurs  as  stolzite  at  Zinnwald  in 
Bohemia,  at  Bleiberg  in  Carinthia,  in  Chili,  and  at  South- 
ampton, Massachusetts.  It  crystallises  in  red  translucent 
tetragonal  pyramids  having  a  specific  gravity  of  7'87  to  8'13. 

Ferrous  Tungstate,  FeWO^,  occurs  as  wolfram,  (Fe,Mn)WO^, 
which  contains  manganese  as  an  isomorphous  constituent,  in 
Cornwall,  Cumberland,  Ireland,  France,  the  Erzgebirge,  and 
various  parts  of  the  United  States.  Wolfram  crystallises  in 
the  monoclinic  system  in  dark  grey  or  brownish-black  prisms 
having  a  metallic  lustre  and  a  specific  gravity  of  7'3. 

Manganese  Tungstate,  MnWO^,  is  found  as  hubnerite  in 
Nevada  in  a  vein  from  three  to  four  feet  wide. 

Tungsten  Tungstates. — By  the  partial  reduction  of  tungsten 
trioxide  a  number  of  oxides  of  tungsten  have  been  prepared, 
having  a  composition  intermediate  between  that  of  the  dioxide 
and  trioxide.  These  have  a  blue  or  purple-red  colour,  and  are 
probably  combinations  of  the  acidic  trioxide  with  the  more 
basic  dioxide.  Thus  by  the  action  of  hydrogen  on  the  trioxide 
at  250°  the  compound  W308  =  2W03,W02  is  formed,  which  has 
a  deep  blue  colour ;  the  same  oxide,  when  prepared  by  heating 
ammonium  metatungstate  to  a  red  heat,  has  a  purple-red  colour 
and  metallic  reflex.^  Other  blue  oxides  having  the  compositions 
WA=W02,W03;  WAi  =  3W03,WO,;  WA4  =  4W03,WO„ 
have  been  described;  in  addition  Desi  has  obtained  oxides 
containing  less  oxygen  than  the  dioxide,  by  the  action  of 
concentrated  sulphuric  acid  on  metallic  tungsten  under  suitable 
conditions. 

496  Tiongsten  Bronzes. — These  remarkable  compounds,  ob- 
tained by  the  partial  reduction  of  the  tungstates,  are  usually 
regarded  as  compounds  of  the  tungstates  with  tungsten  dioxide, 
but  their  exact  constitution  is  as  yet  unknown.  Owing  to  their 
bronze-like  appearance  and  insolubility  in  acids  and  alkalis, 
they  have  been  employed  as  bronze  powder  substitutes. 

They  are  scarcely  affected  by  aqua  regia,  but  are  oxidised  by 
ammoniacal  silver  nitrate  solution,  a  reaction  which  is  utilised 
for  their  analysis.  Owing  to  their  insolubility  they  can  be 
freed  from  metallic  tungsten  and  its  oxides  only  by  successive 
extractions  with  aqua  regia,  hydrochloric  acid,  potassium 
carbonate,  and  water. 

'  Desi,  J.  Amer.  Ohem.  Soc,  1897,  19,  213 ;  see  also  Hallopeau,  Compt. 
rend.,  1898,  127,  57  ;  Bull.  Soc.  Mm.,  1899,  (3),  21,  267;  Allen  and  Gott- 
schalk,  Amer.  Chem.  J.,  1902,  27,  328. 

4  A  2 
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Tungsten  Sodkom  Bronze  was  first  obtained  by  Wohler  by  the 
reduction  of  sodium  tungstate  witli  hydrogen,  and  may  also  be 
obtained  by  substituting  coal-gas,  zinc,-iron,  or  tin  for  hydrogen, 
or  by  means  of  electrolysis.  It  forms  fine  golden  cubes,  which 
have  a  specific  gravity  of  6'617,  and  conduct  electricity  well. 
On  ignition  in  the  air  it  oxidises  and  fuses.  It  is  not  attacked 
by  any  acid  except  hydrofluoric  acid,  nor  is  it  acted  upon  by 
alkalis.^  According  to  Philipp,^  the  products  are  a  mixture  of 
different  compounds,  the  relative  proportions  of  which  vary 
according  to  the  method  of  preparation  and  the  nature  of  the 
original  tungstate.  The  substance  obtained  by  heating  the 
ditungstate  in  hydrogen,  which  was  formerly  supposed  to  have 
the  composition  NagWgOg,  is  according  to  Philipp,  Na^WgOig, 
and  has  a  golden-yellow  colour.  By  the  electrolysis  of  fused 
sodium  paratungstate  a  blue  bronze,  NagWjOjj,  is  obtained,  which 
forms  dark  blue  cubes  or  plates  having  a  red  reflex.  A  purple- 
red  bronze,  NajWgOg,  is  obtained  by  strongly  heating  a  mixture 
of  12-9  grams  of  sodium  carbonate  and  68'9  grams  of  tungsten 
trioxide  with  20  grams  of  tinfoil,  and  a  reddish-yellow  bronze, 
Na^WgOjj,  by  fusing  60-80  grams  of  a  mixture  of  two  molecular 
proportions  of  sodium  tungstate  and  one  of  the  trioxide  with 
30  grams  of  tinfoil  for  two  hours.  It  forms  reddish-yellow  cubes 
and  yields  a  brownish-yellow  powder. 

Tungsten  Potassium  Bronze  is  obtained  in  a  similar  manner  to 
the  sodium  bronzes,  but  only  one  compound  ^  appears  to  exist, 
KaW^Ojj.  Bronzes  containing  lithium  and  rubidium  have  also 
been  prepared  as  well  as  a  number  of  mixed  bronzes  containing 
both  sodium  and  potassium  or  an  alkali  metal  along  with  one  of 
the  calcium  group.* 

497  Bhosphotungstic  Acids. — Tungstic  acid  combines  with 
phosphoric,  arsenic,  antimonic,  and  vanadic  acids  to  form  complex 
substances  analogous  to  the  corresponding  molybdic  derivatives. 
A  very  large  number  of  these  have  been  prepared,  the  relation 
RjOg :  WO3  varying  from  1  :  7  to  1  :  24.  Phosphoduodecitungstic 
acid,  Tl^W^^O^^fc'R^O,  is  obtained  by  evaporating  a  mixture  of 
the  requisite  quantities  of  orthophosphoric  acid  and  metatung- 

•  Knorre,  /.  pr.  Ohem,,  1883,  [2],  27,  6,S. 
"■  Philipp,  Ber.,  1882,  15,  499. 

'  Sohaefer,  Zeit.  anorg.  Ohem.,  1904,  38,  142,  where  referencea  to  the 
literature  are  given  ;  Hallopeau,  Oompt.  rend.,  1898,  127,  57  ;  Bull.  Soc.  chim., 
1899,  [3],  21,  267. 

*  See  Engels,  Zeit.  anory.  Ohem.,  1903,  37,  125  ;  Hallopeau,  Compt.  rend., 
1898,  127,  512. 


SILICOTUNGSTIC   ACIDS  1093 

stic  acid,  or  by  the  exact  decomposition  of  the  barium  salt  with 
sulphuric  acid  or  of  the  mercurous  salt  with  hydrochloric  acid. 
It  crystallises  in  tetragonal  pyramids  containing  water  of 
crystallisation,  the  amount  of  which  is  variously  stated  by 
different  investigators.  Phosphotungstic  acid  is  largely  used 
as  a  reagent  for  the  precipitation  of  the  alkaloids,  proteins,  and 
certain  of  their  hydrolysis  products,  and  also  for  the  detection 
of  potassium  and  ammonium  salts,  with  which  it  yields 
insoluble  precipitates.  For  this  purpose  it  is  prepared  by 
acidifying  a  solution  of  4  parts  of  sodium  tungstate  and  1 
of  common  sodium  phosphate  with  sulphuric  acid  and 
extracting  the  concentrated  solution  with  ether,  in  which 
phosphotungstic  acid  is  readily  soluble.^  Two  sodium  salts 
are  known,  having  the  formulae  NagHPWijO^Q.^HgO  and 
NagPWjgO^ojajHjO,  and  are  obtained  by  heating  together 
solutions  of  sodium  hydrogen  phosphate  and  tungstate.  In 
presence  of  an  excess  of  hydrochloric  acid  the  former  salt  is 
obtained  in  yellow  crystals,  whilst  when  tjie  acid  is  gradually 
added  with  stirring  until  crystallisation  commences  the  latter 
salt  separates  out  in  transparent  colourless  octahedra. 

The  number  of  complex  phosphotungstates  and  similar 
compounds  is  very  large,  and  many  of  them  crystallise  well.^ 

498  Silicotungstic  Acids. — These  peculiar  compounds  were 
discovered  and  investigated  by  Marignac.^ 

SilicodecitungsticAcid,  H8WioSi03e,3H20(  =  4H2O,SiO2,10WO3, 
3H2O). — To  prepare  this  acid,  gelatinous  silica  is  boiled  with 
ammonium  polytungstate  and  the  solution  evaporated,  ammonia 
being  added  from  time  to  time.  The  ammonium  salt, 
(NHj8SiWio03g,8H20,  is  thus  obtained  in  short  rhombic 
prisms  which  are  soluble  in  water ;  the  solution  is  then  precipi- 
tated by  silver  nitrate,  the  precipitate  washed  and  decomposed 
by  hydrochloric  acid.  On  evaporating  the  filtrate  in  a  vacuum 
the  acid  is  left  as  a  yellowish,  glassy  mass,  and  on  exposure  to 

1  Winterstein,  Ghem.  Zeit.,  1898,  22,  539. 

^  See  Scheibler,  Ber.,  1872,  5,  801  ;  Sprenger,  /.  pr.  Chem.,  1880,  [2],  22, 
48  ;  Gibbs,  Amer.  Chem.  J.,  1880,  2,  217,  281 ;  1882,  4,  377 ;  1883,  5,  361, 
391;  1885,  7,  31,  392;  Kehrmann,  Ber.,  1887,  20,  1805,  1811;  1891,  24, 
2326;  1892,  25,  1966;  Annalen,  1888,  245,  45;  Zeit.  anorg.  Chem.,  1891,  1, 
428;  Drechsel,  Ber.,  1887,  20,  1452;  Pochard,  Compt.  rend.,  1889,  109,  301; 
1890,  110,  754;  HaUopeau,  Compt.  rend.,  1896,  123,  1065;  Kehrmann  and 
Ruttimann,  ZeiL  anorg.  Chem.,  1899,  22,  285  ;  Rogers,  J.  Amer.  Chem.  Soc, 
1903,  25,  298. 

'  Ann.  Ghim.  Phya.,  1864,  [4],  3,  5. 
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air  splits  into  fragments,  which  then  deliquesce.     Its  salts  have 
not  been  carefully  examined. 

On  dissolving  it  in  water  and  evaporating  the  solution, 
some  silicic  acid  separates  out,  and  the  thick  mother- 
liquor  yields  short  triclinic  prisms  of  tungstosilicic  acid, 
H8Wi2SiO,2,20H2O(  =  4H2O,SiO2,12WO3,20H2O),  which  are 
readily  soluble  in  water  and  alcohol.  It  forms  both  normal  and 
acid  salts. 

Normal  Potassitim  Tungstosilicate,  ^^^^^iO^^20B.fi,  crystal- 
lises in  ill-defined  rhombic  prisms. 

Acid  Potassium  Tungstosilicate,  'S.^^^^S\.0^,^^'S.fi,  occurs 
in  two  different  forms,  which  crystallise  from  the  same  solution, 
and  if  one  form  be  dissolved  in  water,  the  second  form  frequently 
crystallises  out.  The  a-compound  forms  transparent,  thick, 
rhombic  prisms,  and  the  /3-compound  crystallises  in  silky,  soft, 
six-sided  rhombic  plates. 

Silicoduodecitungstic  or  Silicotungstic  Acid  was  formulated  by 
Marignac  as  an  octabasic  acid  HgSi WjgO^j.SQH^OC  =  ^H^O.SiOj 
12W03,29H20),  but  according  to  Wyrouboffi  it  is  tetrabasic, 
and  has  the  formula  2H20,Si02,12W03,31H20,  the  normal 
salts  of  Marignac  being  basic  salts  and  his  acid  salts  in  reality 
the  normal  salts.  All  the  salts  contain  water  of  crystallisation, 
and  in  view  of  the  uncertainty  as  to  their  constitution  are  at 
present  best  formulated  in  terms  of  the  oxides.  The  salts  of 
this  acid  are  formed  by  boiling  gelatinous  silicic  acid  with  the 
polytungstates  of  the  alkali  metals;  To  obtain  the  acid  the 
salts  are  precipitated  with  mercurous  nitrate  and  the  washed 
precipitate  decomposed  by  hydrochloric  acid.  It  crystallises 
below  40°  in  large  tetragonal  pyramids  of  the  formula 
H8SiWi20^.j,29H20,  above  40°,  or  in  presence  of  hydrochloric 
acid,  in  rhombohedral  forms,  B-^^W^f), ^,22^.^0,  and  readily 
dissolves  in  water,  alcohol,  and  ether.  Silicotungstic  acid 
is  a  valuable  reagent  for  alkaloids. 

The  salts,  with  the  exception  of  the  mercurous  salt  and  a  few 
others,  are  soluble  in  water.  Boiling  hydrochloric  acid  converts 
the  normal  salts  into  acid  salts  without  decomposing  them 
further  (Marignac),  whilst  alkalis  decompose  their  solutions 
with  the  separation  of  silicic  acid.  They  have  been  very 
thoroughly  examined  both  by  Marignac  and  Wyrouboff. 

Potassium    Silicotiingstate.—Three  distinct  salts  are   known. 
The  salt  4K20,Si02,12W03,14H,0  forms  hard  granular  crusts, 
'  B%dl.  Soc.  franc.  Min.,  1896,  19,  219. 
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consisting  of  prisms  closely  resembling  cubes ;  2K20,Si02,12W03, 
18HjO  forms  transparent  glistening,  hexagonal  crystals  ;  and 
3K2O,2SiO2,24WO3,30H2O  crystallises  in  monoclinic  prisms. 

Marignac  formulates  the  first  of  these  as  the  normal 
salt,  KgSiWj2042,14H20,  and  the  others  as  acid  salts, 
H,K,SiWi20,2l6H20  and  2H5K3SiW^20,2,25H20,  whereas 
Wyrouboff  regards  them  as  a  basic  salt,  K^SiW^jO^^, 
4KHO,12H20,  a  normal  salt,  K^SiWi20^(„18H20,  and  a  double 
salt,  K,SiWi20,o,K2H2SiWi20,o,29H20. 

Zircono-,^  mangano-,^  and  silico-vanadio-tungstates  ^  have 
also  been  obtained. 

Pertimgstic  Acid. — When  a  solution  of  sodium  paratungstate 
is  boiled  for  a  few  minutes  with  hydrogen  peroxide,  a  yellowish 
solution  is  obtained,  which  no  longer  gives  a  precipitate  with 
nitric  acid.*  When  the  solution  is  allowed  to  evaporate  in  a 
vacuum,  small  white  crystals  having  the  formula  NaW0^,H20 
are  deposited,  which  are  the  sodium  salt  of  the  unknown  per- 
tungstic  acid,  HWO^.  The  same  salt  is  formed  in  solution  by 
the  electrolysis  of  slightly  acid  solutions  of  sodium  tungstate.^ 
More  highly  oxidised  compounds  are  formed  by  the  action 
of  caustic  alkali  and  hydrogen  peroxide  on  a  solution 
of  a  pertungstate,^  the  unstable  salts  Na202,WO^,H202 ; 
Na202,WO„H202,(Na202)2WO„7H20 ;  and  K20„WO„H20  hav- 
ing been  isolated  in  this  way.  Aqueous  solutions  of  per- 
tungstic  acid  and  hydrogen  peroxide  appear  to  contain  the 
unstable  acids '  W02(02H)2  and  W02(02H)(OH). 

Tungsten  and  the  Halogens. 

499  Tungsten  Hexafluoride,  WFg,  is  formed  by  the  action  of 
anhydrous  hydrofluoric  acid  on  tungsten  hexachloride  in  the 
cold,  and  can  also  be  prepared  by  the  action  of  arsenic  tri- 
fluoride  or  antimony  pentafluoride  on  the  hexachloride.  The 
preparation  by  the  last  of  these  methods  can  be  carried  out  in 
glass  vessels  and  proceeds  according  to  the  equation  : 

WCle + SSbF,  =  WFs + 3SbF3Cl2. 

1  Hallopeau,  Bull.  Soc.  Mm.,  1896,  [3],  15,  917. 

2  Just,  Ber.,  1903,  36,  3619. 

3  Friedheim  and  Henderson,  Ber.,  1902,  35,  .3242. 
■"  Ptehard,  Gompt.  rend.,  1891,  112,  1060. 

*  Thomas,  /.  Amer.  Chem.  Soc,  1899,  21,  373. 

8  Melikoflf  and  Pissarjewsky,  Ber.,  1898,  31,  632. 

'  Pissarjewsky,  /.  Russ.  Phys.  Chem.  Sec,  1902,  34,  472. 
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Antimony  pentafluoride  is  gradually  added  to  the  tungsten 
hexachloride  contained  in  a  flask  until  no  further  reaction 
occurs,  and  the  contents  of  the  flask  are  finally  heated  to  90°. 
The  hexafluoride  volatilises,  and  is  condensed  in  a  receiver 
cooled  by  a  freezing  mixture  of  alcohol  and  solid  carbon  dioxide. 
A  trace  of  chlorine  is  present,  which  can  be  removed  by  allow- 
ing the  liquid  in  the  receiver  to  boil  for  a  moment.^ 

Pure  tungsten  hexafluoride  is  a  colourless  gas,  which  has  the 
normal  density  corresponding  with  the  formula  WFg,  and  is 
therefore  about  ten  times  as  heavy  as  air.  It  condenses  to  a 
faintly  yellow  liquid  which  boils  at  19'5°  and  solidifies  at  2'S' 
to  a  snow-white  mass.  It  is  at  once  decomposed  by  water  and 
fumes  in  the  air ;  nearly  all  the  commoner  metals,  except  gold 
and  platinum,  are  attacked  by  it.  It  is  absorbed  by  alkali 
fluorides  and  reacts  violently  with  ammonia. 

Ttmgsten  Oayytetrajluoride,  WOF^,  can  be  prepared  by  the 
action  of  anhydrous  hydrofluoric  acid  on  the  oxytetrachloride 
in  the  cold,  or  by  heating  tungsten  trioxide  with  lead  fluoride 
to  redness  in  an  electric  furnace.  It  sublimes  in  white  plates, 
melts  at  110°,  and  boils  at  185-190°.  It  is  decomposed  by 
water,  and  is  soluble  in  chloroform,  absolute  alcohol,  and 
benzene.  It  appears  to  unite  with  ammonia,  forming  an 
orange-coloured  substance  (Ruff). 

Tungsten  Dioxydifluoride,  WOjFg,  has  not  been  prepared  pure, 
but  is  formed  in  small  amount  by  the  action  of  moisture  on 
the  vapour  of  the  oxytetrafluoride.  Double  salts  with  the 
alkali  fluorides,  such  as  2KF,W02F2,H20,  have,  however,  been 
prepared  by  the  action  of  hydrofluoric  acid  on  the  tungstates.^ 
A  double  salt  of  the  formula  KF,W02F2,H20  is  also  known. 

500  Four  compounds  of  tungsten  and  chlorine  are  known, 
viz.  : 

(1)  Tungsten  dichloride     .  .  .  WClg. 

(2)  Tungsten  tetrachloride  .  .  WCl^. 

(3)  Tungsten  pentachloride  .  .  WGI5. 

(4)  Tungsten  hexachloride  .  .  WCL. 


Tungsten  Dichloride,  WClg.— This  body  may  be  obtained  in 
pale  grey  crusts  by  reducing  the  hexachloride  in  hydrogen  at  a 
moderately  high  temperature.     It  is,  however,  best  prepared  by 

1  Ruff  and  Eisner,   Ber.,   1905,  38,  742  ;  Ruff,   Eisner,  and  Hillor.  ZA 
anorg.  Chem.,  1907,  52,  256. 
*  Marignac,  Ann.  Chim.  Phys.,  1863,  [3],  69,  70. 
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heating  the  tetrachloride  in  a  current  of  carbon  dioxide  at 
the  temperature  of  a  moderately  hot  zinc  bath.  The  di- 
chloride  is  a  non-volatile  loose  grey  powder  without  lustre  or 
crystalline  structure.  It  alters  perceptibly  on  short  exposure 
to  the  air  and  dissolves  slightly  in  water  forming  a  brown  solu- 
tion. The  remainder  is  converted  into  the  brown  oxide,  a  slow 
evolution  of  hydrogen  occurring  (Roscoe). 

Tungsten  Tetrachloride,  WCI4,  is  produced  by  the  incomplete 
reduction  of  the  hexachloride  or  pentachloride  by  hydrogen, 
and  forms  the  non-volatile  residue  obtained  by  the  distillation 
of  the  hexachloride  in  hydrogen.  In  order  to  obtain  it  in  the 
pure  state  a  mixture  of  hexa-  and  penta-chloride  is  distilled  at 
a  low  temperature  from  a  bath  of  sulphuric  acid  in  a  current  of 
dry  hydrogen  or  carbon  dioxide,  and  the  volatile  pentachloride 
poured  back  again  once  or  twice  over  the  residue  to  convert 
into  the  tetrachloride  the  lower  chlorides  or  metal  which  are 
also  formed.  Tungsten  tetrachloride  is  a  loose,  soft,  crystalline 
powder  of  a  greyish-brown  colour.  It  is  highly  hygroscopic, 
though  not  so  much  so  as  the  pentachloride,  and  is  partially 
decomposed  by  cold  water  into  the  brown  oxide  and  hydrochloric 
acid.  The  tetrachloride  is  non-volatile  and  infusible  under 
ordinary  pressure,  but  on  heating  it  decomposes  into  penta- 
chloride, which  distils  off,  and  dichloride,  which  remains  behind. 
On  heating  in  hydrogen  to  a  temperature  above  the  melting  point 
of  zinc  the  tetrachloride  is  reduced  to  metallic  tungsten,  some  of 
which  is  deposited  as  a  black  tinder-like  powder  and  undergoes 
spontaneous  ignition  on  exposure  to  air  (Roscoe). 

Tungsten  Pentachloride,  WCI5. — This  compound  is  formed  by 
the  incomplete  reduction  of  the  hexachloride  in  a  current  of 
hydrogen.  If  the  temperature  be  kept  but  slightly  above  the 
boiling  point  of  the  hexachloride  the  dark -red  colour  of  its 
vapour  is  seen  to  disappear  and  a  light  greenish-coloured  vapour 
takes  its  place,  and  this  soon  condenses  either  to  black  drops 
or  to  long  shining  black  needle-shaped  crystals.  After  two  or 
three  distillations  in  hydrogen  a  pure  volatile  product  is 
obtained.  For  the  production  of  the  pentachloride,  it  is,  how- 
ever, more  convenient  to  reduce  the  hexachloride  at  a  higher 
temperature,  when  a  further  loss  of  chlorine  takes  place,  the 
solid  non-volatile  tetrachloride  remaining  behind  and  the  volatile 
pentachloride  distilling  over.  The  latter  compound  only  requires 
redistillation  in  order  to  be  obtained  in  the  pure  state.  Tungsten 
pentachloride  crystallises  in  long  black  shining  crystals,  but  if 
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quickly  condensed  the  crystalline  powder  possesses  a  dark-green 
colour,  resembling  potassium  manganate.  It  melts  at  248°, 
boils  at  275-6°,  has  the  normal  vapour  density  at  350°,  and  is 
extremely  hygroscopic,  the  crystals  becoming  instantly  covered 
with  a  dark  golden -green  film  on  exposure  to  air,  whilst  the 
small  particles  are  converted  into  liquid.  The  crystals  do  not 
decrepitate  on  cooling  like  those  of  the  hexachloride.  On 
treatment  with  large  quantities  of  water,  the  pentachloride 
forms  an  olive-green  solution,  although  the  greater  part  is  at 
once  decomposed  into  the  blue  oxide  and  hydrochloric  acid. 

Tungsten  Hexachloride,  WClg. — This  substance  is  prepared  by 
heating  metallic  tungsten  in  an  excess  of  dry  and  pure  chlorine. 
It  is  necessary  for  the  preparation  of  the  pure  compound  that 
every  trace  of  oxygen  and  of  moisture  be  excluded,  as  other- 
wise some  red  oxychloride  is  invariably  formed,  and  this  cannot 
easily  be  separated  from  the  hexachloride  by  distillation. 
Metallic  tungsten  takes  fire  at  a  moderate  heat  in  dry  chlorine, 
and  the  action  goes  on  hj  itself  until  all  the  chlorine  has 
disappeared. 

In  order  to  obtain  the  hexachloride  in  quantity  the  metal 
is  first  ignited  in  a  current  of  dry  hydrogen ;  then  the  hydro- 
gen is  completely  displaced  by  a  current  of  dry  carbon  dioxide 
and  lastly  chlorine  free  from  air  substituted,  and  the  tube 
or  retort  moderately  heated.  At  the  commencement  of  the 
operation  a  slight  sublimate  of  red  needle-shaped  crystals  of 
the  oxychloride  is  frequently  formed  owing  to  the  unavoidable 
presence  of  traces  of  oxygen,  but  this  is  easily  driven  to  the  end 
of  the  tube  beyond  the  point  at  which  it  is  intended  to  collect 
the  hexachloride.  On  raising  the  temperature  of  the  metal,  a 
granular  sublimate  of  dark-violet  opaque  crystals  of  the  hexa- 
chloride makes  its  appearance,  and  if  in  large  quantity  the 
hexachloride  collects  as  a  blackish-red  liquid.  In  order  to 
saturate  this  liquid,  it  is  slowly  distilled  in  a  current  of  chlorine. 
The  dark-violet  crystals  decrepitate  on  cooling,  and  the  crystal- 
line mass  thus  readily  breaks  up  into  a  powder. 

When  pure,  the  solid  hexachloride  does  not  undergo  any  change 
even  in  moist  air,  but  in  the  presence  of  the  slightest  trace  of 
oxychloride  it  at  once  absorbs  moisture,  evolving  copious  fumes 
of  hydrogen  chloride  and  changing  in  colour  from  violet  to  brown. 
Water  does  not  act  upon  the  pure  hexachloride,  but  on  boiling 
decomposition  occurs.  If,  however,  the  oxychloride  be  present 
the  whole  is  suddenly  decomposed  by  cold  water  into  a  greenish 
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oxide.  It  is  soluble  in  carbon  disulphide  and  crystallises  from 
the  solution  in  six-sided  plates. 

The  melting  point  of  the  hexachloride  is  275° ;  it  boils  under 
a  pressure  of  759'5  mm.  at  346"7°.  The  vapour  density  of 
tungsten  hexachloride  has  been  determined  in  sulphur  vapour 
and  in  mercury  vapour ;  at  440°,  the  mean  experimental  density 
compared  with  that  of  hydrogen  is  168'8,  whilst  at  350°  the 
density  is  190"9,  the  calculated  density  being  196"9.  The 
alteration  of  the  density  from  191  at  350°,  only  3°  above  the 
boiling  point,  to  169  at  440°  points  to  the  fact  that  dissociation 
occurs.  That  this  is  the  case  is  shown  by  the  fact  that  when 
a  current  of  dry  carbon  dioxide  is  passed  through  the  fused 
hexachloride  a  continuous  liberation  of  chlorine  takes  place, 
whereas  the  pentachloride  treated  in  the  same  way  does  not 
undergo  a  similar  decomposition. 

Tungsten  OxycMorides. — The  oxytetrachloride  WOCl^,  and  the 
dioxydichloride  WOjClj,  have  been  studied  by  Blomstrand  and 
Riche.  The  dioxydichloride  is  best  obtained  by  passing  chlorine 
over  the  brown  oxide,  WOg.  Combination  takes  place  at  a 
moderate  temperature,  the  oxide  becoming  covered  with  a 
whitish  crust,  which  as  the  temperature  increases  sublimes 
without  melting,  condensing  in  small  square  scales  of  a  light 
lemon-yellow  colour.  The  dioxydichloride  volatilises  at  a 
temperature  approaching  redness  with  partial  decomposition  ; 
the  crystals  do  not  fuse,  and  are  not  acted  upon  by  moist  air  or 
cold  water.  Even  when  boiled  with  water  the  dioxydichloride 
is  not  completely  decomposed. 

The  splendid  red  needle-shaped  crystals  of  the  oxytetra- 
chloride, first  prepared  by  Wohler,  are  obtained  by  -passing 
the  vapour  of  the  hexachloride  over  heated  oxide  or  dioxydi- 
chloride : 

W03-l-2WCl6  =  3WOCl4, 

and  also  by  acting  on  the  trioxide  with  phosphorus  penta- 
chloride.^ The  crystals  melt  at  210°'4,  and  the  liquid  boils 
at  227°*5,  forming  a  red  vapour  rather  lighter  coloured  than 
that  of  the  hexachloride,  and  having  the  normal  density  at  350° 
(Roscoe).  On  repeated  distillation  over  red-hot  charcoal  in  a 
current  of  chlorine  the  hexachloride  is  formed.  On  exposure 
to  the  air  the  oxytetrachloride  becomes  at  once  covered  with  a 
yellowish  crust  of  tungstic  acid. 

1  Schiflf,  Amalen,  1879,  197,  185. 
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501  Bromine  acts  rapidly  on  red-hot  tungsten,  forming  dark 
broinine-like  vapours,  which  condense  to  a  crystalline  sublimate. 
Special  precautions  similar  to  those  taken  in  the  preparation  of 
the  chlorides  must  also  be  employed  for  the  bromides,  as  the 
oxybromides  formed  in  the  presence  of  air  and  moisture  possess 
almost  the  same  colour  as  the  bromide,  and  therefore  the 
detection  of  the  impurity  is  not  so  easy  as  is  the  case  with  the 
chloride. 

Tungsten  Dibromide,  yfBv^,  is  formed  by  the  reduction  in 
hydrogen  of  the  pentabromide,  heated  in  a  bath  of  fused  zinc 
chloride.  A  residue  of  non-volatile  dibromide  remains  in  the 
form  of  a  bluish-black  velvety  crystalline  powder. 

Tungsten  Pentabromide,  WBrg,  is  prepared  by  the  action 
of  an  excess  of  bromine  on  tungsten,  and  is  formed  also  when 
the  hexachloride  is  heated  in  dry  hydrogen  bromide,  but  cannot 
be  prepared  pure  in  this  way.^  The  pentabromide  forms  dark 
crystals  having  a  metallic  lustre  resembling  iodine,  melting  at 
276°,  and  boiling  at  333°.  It  is  at  once  decomposed  by  an 
excess  of  water  into  hydrobromic  acid  and  the  blue  oxide. 
When  the  pentabromide  is  heated  in  a  current  of  hydrogen, 
the  metal  is  formed  in  the  state  of  pyrophoric  powder. 
Liquefied  hydrogen  bromide  converts  the  hexachloride  at 
60-70°  into  a  mass  of  olive-green  crystals  which  melt  at  232° 
and  have  the  composition  WCle,3WBrg,  whilst  at  the  ordinary 
temperature  a  similar  substance  of  the  composition  WClg,WBrj 
is  formed  (Defacqz). 

Timgsten  Hexabromide,  WBrg,  is  obtained,  according  to 
Schaffer  and  Smith,^  by  gently  heating  tungsten  in  dry  bromine 
vapour  in  an  atmosphere  of  nitrogen.  It  can  be  sublimed,  and 
forms  blue-black  needles.  It  decomposes  very  readily  when 
heated,  fumes  in  the  air,  and  is  decomposed  by  water  with 
formation  of  a  blue  oxide. 

Tungsten  Occybromides,  corresponding  to  the  oxychlorides,  exist. 
The  dioxy dibromide,  WOjEr^,  is  prepared  by  passing  bromine 
vapour  over  red-hot  tungsten  dioxide.  It  forms  light-red  trans- 
parent crystals  which  yield  a  yellow  powder.  They  do  not 
melt,  but  volatilise  at  a  temperature  approaching  a  red  heat, 
and  are  not  acted  upon  by  water.  The  oxytetrabromide,  WOBr^, 
is  formed  under  the  same  circumstances  as  the  last-named  com- 
pound in  brownish-black  shining  needles,  which   are   readily 

'  Defacqz,  Ann.  Chim.  Phys.,  1901,  [7],  22,  247. 
'^  J.  Amer.  Ohem.  Soc,  1897,  18,  1098. 
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fusible  and  can  be  separated  from  the  dioxydibromide  by  gently 
heating,  when  the  latter  compound  remains  behind.  It  melts 
at  277°,  boils  at  327°"5,  and  is  decomposed  by  contact  with 
water. 

Tungsten  Bi-iodide,  Wig,  is  obtained  in  the  form  of  green 
metallic  scales,  when  iodine  vapour  is  passed  over  the  metal 
heated  to  redness  (Roscoe),  and  is  formed  also  by  the  action  of 
hydrogen  iodide  on  the  hexachloride  at  400°  (Defacqz). 

Tii,ngsten  Tetra-iodide,  WI^,  has  been  obtained  by  Defacqz 
by  the  action  of  liquefied  hydrogen  iodide  on  the  hexachloride 
at  100°,  and  is  a  black  infusible  crystalline  mass,  which  is 
decomposed  by  water  into  the  brown  oxide  and  hydriodic 
acid. 

Tungsten  and  Sulphur. 

502  Tungsten  Bisulphide,  WSj,  is  obtained  by  the  action  of 
sulphur,  sulphuretted  hydrogen,  or  carbon  disulphide  on  ignited 
metallic  tungsten.  It  may  be  prepared  also  by  heating  tung- 
sten trioxide  in  a  crucible  with  six  times  its  weight  of  cinnabar 
or  with  potassium  carbonate  and  sulphur,  and  by  heating  the 
hexachloride  in  a  current  of  sulphuretted  hydrogen  (Defacqz). 
It  forms  soft,  black,  needle-shaped  crystals  which  soil  the  fingers 
like  graphite. 

A  chlorosulphide,  WClg,3WS3,  is  formed  by  the  action  of 
liquefied  sulphuretted  hydrogen  on  the  hexachloride  at  60° 
(Defacqz). 

Tungsten  Trisulphide,  WS3,  is  obtained  only  in  the  wet  way 
by  dissolving  tungsten  trioxide  in  ammonium  sulphide  and 
precipitating  with  an  acid,  or  by  saturating  an  aqueous  solution 
of  an  alkali  tungstate  with  sulphuretted  hydrogen,  and  acidi- 
fying. When  dry  it  is  black,  yielding  a  liver-coloured  powder. 
It  dissolves  slowly  in  cold  water,  and  is  precipitated  by 
ammonium  chloride  and  acids.  It  is  easily  dissolved  by 
potassium  carbonate  and  also  by  ammonia.  When  heated  with 
cyanide  of  potassium  it  is  converted  into  the  disulphide,  which 
latter  compound  is  unaltered  by  fusion  with  excess  of  this 
reagent. 

The  Thiotungstates.— The  thiotungstates  of  the  alkali  and 
alkaline  earth  metals  are  prepared  by  dissolving  the  tri- 
sulphide  in  the  corresponding  hydrosulphide,  or  by  treating 
the  corresponding  tungstate  with  sulphuretted  hydrogen.  The 
ammonium   salt,  (NHJgWS^,  is  deposited   from   concentrated 
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solution  in  yellowish-red  crystals ;  the  potassium  salt,  KjWS^, 
forms  anhydrous  yellow  crystals,  whilst  the  sodium  salt, 
NagWS^,  crystallises  with  difficulty. 

Tungsten  and  Nitrogen,  Phosphorus,  Carbon, 
Silicon,  and  Boron. 

503  Tungsten  does  not  combine  directly  with  nitrogen,  and 
neither  the  metal  nor  the  dioxide  is  attacked  when  strongly 
heated  in  ammonia.  By  the  action  of  ammonia  on  the  oxy- 
tetrachloride  or  the  hexachloride  in  the  cold,  a  black  semi- 
metallic  powder  is  obtained,  which  has  the  composition  WjNg. 
It  is  insoluble  in  caustic  soda,  nitric  acid,  and  dilute  sulphuric 
acid,  but  is  converted  by  concentrated  sulphuric  acid  into 
ammonia  and  tungstic  acid.^ 

By  the  action  of  ammonia  on  tungsten  trioxide  at  a  dull  red 
heat  Wohler  obtained  a  black  amorphous  product  which  he 
termed  tungsten  nitretamidoxide,  the  formula  of  which  is 
WjNgHgOg  (Rideal).  It  is  insoluble  in  acids  and  alkalis,  but 
dissolves  in  sodium  hypochlorite,  and  on  ignition  decomposes, 
ammonia,  nitrogen,  and  hydrogen  being  evolved. 

Phosphides  of  Tungsten. — Phosphorus  and  tungsten  combine 
directly  when  the  finely  powdered  metal  is  heated  to  redness 
in  phosphorus  vapour,  a  dark  green  powder  of  the  composition 
WgP^  being  formed.  Another  compound,  WgP,  is  obtained, 
when  a  mixture  of  phosphorus  pentoxide  and  tungsten  trioxide, 
in  the  proportion  of  two  molecules  of  the  former  to  one  mole- 
cule of  the  latter,  is  reduced  at  a  high  temperature  in  a  char- 
coal crucible,^  and  forms  a  vesicular  mass,  the  hollow  portions 
of  which  contain  large  crystals. 

A  black  amorphous  diphosphide,  WP^,  is  formed  when  the 
hexachloride  is  heated  in  phosphine,  and  this  reacts  with  copper 
phosphide  at  a  high  temperature  to  form  tungsten  monophosphide 
WP,  which  crystallises  in  grey  prisms  with  a  metallic  reflex,  has 
the  sp.  gr.  8-5,  and  is  oxidised  to  tungsten  trioxide  when  heated 
in  air  (Defacqz).  An  arsenide,  WAsg,  has  also  been  prepared  in 
a  similar  manner  to  the  diphosphide,  which  it  resembles  in 
jproperties. 

Tungsten    and     Carlon.—Tnngsten     forms     two     carbides: 

1  Wohler,  A7inalen,  1850,  73,  190  ;  1858,  105,  258  :  Rideal,  Joum.  Chem. 
Soc,  1889,  55,  41. 

^  Wohler,  Joum.  Chem.  Soc,  1853,  94. 
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The  compound  obtained  by  heating  the  oxide  with  carbon  or 
calcium  carbide  ^  has  the  formula  WgC,  whilst  in  presence  of  a 
large  amount  of  iron  ^  the  carbide  WC  is  produced.  They  are 
both  hard,  iron-grey,  crystalline  substances.  Several  complex 
carbides  containing  iron  or  chromium  have  also  been  prepared.* 

Tungsten  Silicide,  WgSig,  is  obtained  by  heating  the  trioxide 
with  silicon  in  the  electric  furnace,*  and  freeing  the  product  from 
metal  by  electrolytic  oxidation.  It  forms  beautiful  steel-grey 
plates  with  a  metallic  lustre,  has  the  sp.  gr.  10'9,  and  burns  in 
oxygen.  It  is  attacked  by  a  mixture  of  nitric  and  hydrofluoric 
acids,  and  by  fused  potash. 

Tungsten  JBoride,  WBj,  is  obtained  by  fusing  the  two  elements 
together,  and  crystallises  in  hard  octahedra  of  sp.  gr.  9'6.  It  is 
attacked  by  concentrated  acids.^ 


Detection  and  Estimation  op  Tungsten. 

504  All  the  insoluble  tungsten  compounds  can  be  converted 
into  soluble  tungstates  by  fusion,  either  with  a  caustic  alkali 
alone,  or  with  the  addition  of  nitre.  The  solution  when  brought 
into  contact  with  zinc  and  hydrochloric  acid  becomes  blue- 
coloured,  owing  to  the  formation  of  the  blue  tungsten  oxides 
(or  tungsten  tungstates),  and  when  ammonium  sulphide  is  added 
to  the  colourless  solution,  and  then  dilute  hydrochloric  acid,  a 
brown  precipitate  of  tungsten  sulphide  is  obtained,  whereas 
hydrochloric  acid  alone  precipitates  tungstic  acid,  which  on 
heating  turns  yellow.  If  the  tungsten  compounds  are  fused 
with  a  small  quantity  of  tin  in  the  reducing  flame  with  micro- 
cosmic  salt,  a  blue  bead  is  obtained,  whilst  tungsten  compounds 
containing  iron  yield  in  the  reducing  flame  a  blood-red  bead. 
Tungstic  oxide  can  be  very  readily  detected  by  fusing  with 
potassium  bisulphate  and  adding  sulphuric  acid  and  a  crystal 
of  phenol  or  quinol  (hydroquinone),  when  a  blue  or  violet 
coloration  is  produced,  by  the  aid  of  which  the  presence  of 
0-002  mgm.  of  tungstic  oxide  can  be  recognised  (Defacqz). 

Tungsten  is  estimated  gravimetrically  as  the  trioxide.     For 

1  Moissan,  Compt.  rend.,  1896,  123,  13  ;  1897,  125,  839. 

2  Williams,  Compt.  rend.,  1898,  126,  1722. 

=>  Compt.  rend.,  1898,  127,  1410  ;  1899,  128,  207  ;  1903,  137,  292. 
0  Vigoroux,  Compt.  rtnd.,  1898,  127,  393.     See  also  Warren,  Chem.  News, 
1898,  78,  318. 
*  Tucker  and  Moody,  Jouni.  Chem,.  Soc,  1902,  81,  16. 


1104  URANIUM 


the  purpose  of  ascertaining  the  quantity  contained  in  wolfram, 
for  instance,  the  finely  powdered  mineral  is  heated  with  aqua 
regia,  evaporated  to  dryness,  the  residue  treated  with  water, 
the  soluble  chlorides  of  iron  and  manganese  filtered  off,  and  the 
insoluble  tungstic  acid  washed  with  alcohol  and  dissolved  in 
ammonia.  The  solution  is  then  evaporated  down,  and  the 
residue  heated  gently,  and  afterwards  ignited  in  presence  of  air, 
when  the  trioxide  remains,  and  is  weighed.  Solutions  of  tung- 
states  may  also  be  precipitated  with  benzidine  hydrochloride  ^ 
or  mereurous  nitrate,^  and  the  precipitate  ignited  and  weighed 
as  the  trioxide  (compare  also  Wolter).^ 

Atomic  Weight  of  Tungsten. — The  atomic  weight  of  tungsten 
has  been  determined  by  numerous  investigators.  Schneider,*  by 
the  reduction  of  tungsten  trioxide  to  metal  and  oxidation  of  the 
metal  to  trioxide,  found  the  average  value  184'11,  whilst 
Marchand  ^  found  an  almost  identical  value.  Roscoe*  by 
the  same  method  obtained  the  number  183'48,  and  by  the 
analysis  of  the  hexachloride  the  number  1 84"02,  whilst  Waddell ' 
by  the  reduction  of  the  trioxide  found  the  higher  number 
184"33.  More  recently  Pennington  and  Smith  and  Desi^  have 
found  the  still  higher  number  184-8  by  Schneider's  method, 
but  their  results  have  been  criticised  by  Schneider'  as 
untrustworthy.  The  investigations  carried  out  by  Smith 
and  Exner,^"  who  converted  the  hexachloride  into  the  trioxide 
by  the  action  of  water  and  synthesised  the  trioxide  from  the 
metal,  gave  an  average  value  for  the  atomic  weight  of 
1 84-06.     The  value  now  (1913)  adopted  is  184-0. 


URANIUM.     U  =  238-5. 

505  The  mineral  known  as  pitchblende  was  formerly  believed 
by  certain  chemists  to  be  an  ore  of  either  zinc  or  iron,  whilst  by 
others  it  was  thought  to  contain  tungsten.  Klaproth,  in  1789, 
was  the  first  to  point  out  the  existence  in  this  mineral  of  a 
peculiar  metal,  to  which  he  gave  the  name  of  uranium,  in  re- 

'  V.  Kiiorre,  Ber.,  1905   38,  783. 

2  Defacqz,  Oompt.  rend.,  1896,  123,  .308. 

3  Chem.  Zeit.,  1910,  34,  2.  "  J.  pr.  Chem.,  1850,  50,  152. 
^  Annalen,  1851,  77,  261. 

«  Mem.  Manch.  Phil.  Soc,  [3],  5,  77 ;  Annalen,  1872,  162,  .366. 

''  Amer.  Chem.  J.,  1886,  8,  280.         «  Zeit.  anorg.  Chem.,  1895,  8,  198,  205. 

"  /.  pr.  Chem.,  1896,  [2],  53,  288. 

'"  /.  Amer.  Chem.  Soc.,  1904,  26,  1082. 
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membrance  of  Herschel's  discovery  of  the  planet  Uranus,  in 
the  year  1781.  The  body  obtained  by  Klaproth  by  the  reduc- 
tion of  the  calx  of  uranium  was  supposed  by  all  the  chemists 
who  subsequently  investigated  the  subject  to  be  the  metal,  until 
P^ligot  ^  in  1842  proved  this  body  to  be  an  oxide.  P^ligot  like- 
wise isolated  the  metal  and  determined  its  equivalent. 

Uranium  is  not  a  very  abundant  element,  and  its  chief  ore  is 
pitchblende  or  uraninite.  This  consists  of  impure  uranoso- 
uranic  oxide,  UgOg,  and  is  found  in  Cornwall,  at  Joachimsthal, 
Johanngeorgenstadt,  Adrianople,  and  other  localities.  Uranium 
is  found  also  as  phosphate  in  uranite  or  uranium-mica,  as 
carbonate  in  liebigite,  voglite,  and  uranothallite,  whilst  as  urano- 
tantalite  or  samarskite  (p.  776)  it  is  found  combined  with 
columbium  and  tantalum,  and  in  carnotite  with  vanadium. 
Pitchblende  is  the  best  source  of  uranium,  this  mineral  usually 
containing  from  40  to  90  per  cent,  of  uranoso-uranic  oxide, 
UgOg.  The  following  analysis  by  Ebelmen  gives  the  com- 
position of  an  average  specimen  of  pitchblende  : 

Uranoso-uranic  oxide,  UgOg 75'23 

Lead  sulphide 4-82 

Silica 3-48 

Lime      5-24 

Magnesia 2-07 

Soda 2-05 

Ferrous  oxide 3'10 

Manganous  oxide 0"82 

Carbon  dioxide 3'32 

Water 1-85 

101'98. 

The  uranium  minerals  always  contain  the  radioactive  element 
radium,  as  well  as  helium,  the  occurrence  of  which  is  dis- 
cussed under  the  heading  of  Radioactive  Elements.  Small 
amounts  of  compounds  of  copper,  bismuth,  silver,  zinc,  arsenic, 
and  aluminium  are  often  present. 

The  process  recommended  by  Wohler  for  the  extraction  of 
uranium  from  pitchblende  is  as  follows :  The  powdered  mineral 
is  digested  with  sulphuric  acid,  small  quantities  of  nitric  acid 
being  added  from  time  to  time  to  the  mixture.  As  soon  as  the 
precipitate  is  transformed  into  a  white  powder  and  partially  dis- 

'  Ann.  Chim.  Pliys.,  1842,  [3],  5,  5. 
VOL.   II  4   B 
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solved,  the  excess  of  sulphuric  acid  is  driven  off,  and  the  residue 
digested  with  water.     This  leaves  a  residue  of  silica,  lead  sul- 
phate, and  the  basic  sulphates  and  arsenates  of  bismuth.     The 
filtered  liquid  is  warmed,  and  a  current  of  hydrogen  sulphide 
passed   through  it,  when    arsenic,  antimony,  copper,    and  the 
rest  of  the  lead  and  bismuth  are  thrown  down.     The  filtrate 
is  then   oxidised   by  nitric    acid,  and    an    excess    of  ammonia 
added;     the    precipitate    containing    the    ferric    and    uranic 
hydroxides   is  next   washed  with    ammonia,    and   digested   at 
100°  with    a    concentrated   solution    of   ammonium    carbonate 
containing  an  excess  of  ammonia.     The  uranic  hydroxide  dis- 
solves, and  the  yellow  double  carbonate  of  uranium  and  am- 
monium crystallises  out  on  cooling.      The  mother-liquor  still 
contains   a    small    quantity  of  uranium,  together  with  cobalt, 
nickel,  and  zinc,  and  these  latter  metals   are  precipitated  by 
ammonium  sulphide,  which    is  added  drop  by  drop  until  no 
further  brown  precipitate  falls.     The  filtered  liquid  is  boiled, 
and    this    soon   deposits  a   yellow  precipitate    of    ammonium 
uranate.     Another  process  described  by  P^ligot  depends  upon 
the  facility  with  which  uranyl  nitrate  crystallises,  and  upon  its 
ready   solubility   in   ether.     Finely   powdered    pitchblende  is 
treated  with  nitric  acid,  the  acid  solution  evaporated  to  dryness, 
and  the  residue  washed  with  water,  leaving  a  residue  consisting 
chiefly  of  lead- sulphate  and  ferric  oxide  and  arsenate.      The 
filtered  liquid  has  a  greenish-yellow  colour,  and  yields  on  con- 
centration a  radiated  crystalline  mass.     This  is  then  dried,  the 
mother-liquor   evaporated,    and   the   whole    again    crystallised. 
Long   prismatic   crystals   are   thus  deposited,  which  must  be 
washed  with  a  small  quantity  of  cold  water,  the  washings  being 
again  used  for  dissolving  another  portion  of  the  crude  nitrate. 
After  having  been  dried,  the  crystals  are  shaken  up  with  ether, 
when   uranyl  nitrate  dissolves;  it  is  obtained  in  the  form  of 
crystalline  needles  on  evaporation  of  the  ethereal  solution. 

Metallic  Uranium  was  first  prepared  in  the  pure  state  by 
P61igot,  who  obtained  it  by  the  action  of  sodium  or  potassium 
on  uranium  tetrachloride,  a  mixture  of  the  tetrachloride,  potass- 
ium chloride,  and  sodium  being  usually  employed.^  It  is 
however,  best  obtained  by  heating  500  parts  of  the  oxide,  UjOj, 
with  40  parts  of  sugar  chardoal  in  the  electric  furnace  in 
a  carbon  tube,  closed  at  one  end.  The  product  contains  a  little 
carbon,  which  is  partially  removed  by  heating  it  in  a  crucible 

'  Ann.  Chim.  Phys.,  1869,  [4],  17,  368. 
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brasqued  with  uranium  oxide,  and  enclosed  in  a  larger  crucible 
brasqued  with  titanium  to  protect  the  uranium  from  the  action 
of  nitrogen.!  Uranium  may  also  be  obtained  by  heating  the 
dioxide  to  redness  with  carbon  and  starting  the  reduction  by 
means  of  a  cartridge  of  magnesium  and  barium  dioxide,^  or  by 
reducing  the  trioxide  with  aluminium  in  the  presence  of  liquid 
air,  a  fused  regulus  of  the  metal  containing  a  little  aluminium 
being  thus  obtained.^ 

Pure  uranium  has  a  white  colour,  and  takes  a  high  polish ;  it 
has  a  specific  gravity  of  IS'T  at  14°,  and  a  specific  heat  of 
002765  ;  in  the  powdered  state  it  oxidises  on  exposure  to  the 
air  and  decomposes  water  slowly  at  the  ordinary  temperature, 
and  more  quickly  at  the  boiling  point.  In  the  same  condition 
it  burns  in  oxygen  at  170°,  in  fluorine  at  the  ordinary  tempera- 
ture, in  chlorine  at  180°,  in  bromine  at  210°,  in  iodine  at  about 
260°,  and  in  sulphur  vapour  at  500°.  It  melts  at  a  high 
temperature,  and  has  a  higher  boiling  point  than  iron,  con- 
densing in  small,  non-magnetic  spheres,  free  from  carbon.*  It 
readily  combines  with  nitrogen  at  1000°. 

Several  alloys  ^vith  iron,  manganese,  and  cobalt  have  been 
prepared  by  the  aluminium  reduction  method.  An  amalgam  ^ 
can  be  obtained  by  the  electrolytic  method,  and  leaves  a  residue 
of  pyrophoric  uranium  when  the  mercury  is  distilled  off  at 
242°. 

Metallic  uranium  and  its  compounds  are  radioactive. 


COMPOUNDS  OF  URANIUM. 

Uranium  and  Oxygen. 

506  Uranium  combines  with  oxygen  to  form  two  well-defined 
oxides,  UO2  and  UO3,  and  these  combine,  forming  intermediate 
oxides.  The  dioxide  is  a  basic  oxide,  and  gives  rise  to  the 
uranous  salts,  in  which  the  metal  is  tetravalent.  The  trioxide, 
like  the  corresponding  oxide  of  the  other  metals  of  this  group, 

'  Moissan,  Gompt.  rend.,  1896,  122,  1088. 

2  Aloy,  Bull.  Soc.  chim.,  1901,  [3],  25,  344. 

"  Stavenhagen,  Ber.,  1899,  32,  3065;  Stavenhagen  and  Schuohard,  ibid., 
1902,  25,  909. 

*  Zimmermann,  Annalen,  1883,  216,  1  ;   Moissan,  Compt.  rend.,  1893,  116, 
1429 ;  1896,  122,  1088 ;  1906,  142,  425. 

=  Mr&e,  Bull.  Soc.  chim.,  1901,  [3],  25,  622. 
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behaves  as  an  acid-forming  oxide,  yielding  salts  known  as  the 
uranates,  analogous  to  the  chromates,  molybdates,  and  tungstates. 
Like  the  other  trioxides  of  the  group,  uranium  trioxide  also 
yields  a  large  number  of  derivatives  in  which  only  one  of  the 
three  oxygen  atoms  is  replaced  by  negative  groups ;  these  may 
be  regarded  as  derivatives  of  the  divalent  compound  radical 
uranyl,  UOg.  This  radical  has  more  decidedly  basic  properties 
than  the  corresponding  radicals  derived  from  the  other  metals, 
and  the  derivatives,  therefore,  correspond  to  the  salts  of  a  basic 
oxide,  whilst  the  similar  compounds  of  the  other  metals  are 
more  nearly  allied  to  the  acid  chlorides,  such  as  sulphuryl 
chloride,  SOgClj,  and  phosphoryl  chloride,  POCI3.  This  view 
of  the  constitution  of  the  uranyl  salts  is  supported  by  the 
electrochemical  properties  of  their  solutions.  In  aqueous 
solution  the  salts  of  strong  acids,  UOj.R',,  are  hydrolysed  to  a 
small  extent,  corresponding  in  this  respect  to  the  analogous 
salts  of  aluminium  and  glucinum.  The  non-hydrolysed  portion 
of  the  salt  dissociates  in  the  normal  manner,  and  on  electrolysis 
the  uranyl  ion  migrates  to  the  cathode.  Complex  derivatives 
are,  however,  very  readily  formed,  especially  with  salts  of  organic 
acids.i  As  already  mentioned,  it  was  long  supposed  that  the 
dioxide  was  the  free  metal,  and  what  is  now  known  as  the 
trioxide  was  regarded  as  a  compound  of  the  metal  with  one 
atom  of  oxygen. 

Uranium  dioxide,  UOg.— This  oxide,  formerly  mistaken 
for  the  metal  uranium,  is  obtained  by  heating  uranoso-uranio 
oxide,  UgOg,  or  uranic  oxalate  in  a  current  of  hydrogen,  or  by 
the  electrolysis  of  uranyl  nitrate  solution  under  suitable 
conditions.^  Thus  prepared  it  is  a  pyrophoric  powder,  having 
a  brown  or  copper-red  colour,  and  a  specific  gravity  of  1015. 
When  heated  in  the  air  it  takes  fire,  and  is  completely  converted 
into  the  oxide,  UgOg.  It  dissolves  in  strong  acids,  forming  the 
green  uranous  salts.  It  may  be  obtained  in  jet  black  octa- 
hedra  isomorphous  with  thoria  by  fusing  with  borax,  and  then 
removing  the  latter  with  dilute  hydrochloric  acid.^  It  is  also 
formed  in  microscopic,  black,  non-pyrophoric  crystals  when 
crystalline  uranic  hydroxide  is  reduced  in  hydrogen,*  and  is 

1  Dittrioh,  Zeit.  physihal.  Chem.,  1899,  29,  449;  Ley,  ibid.,  1900, 
30,  193;  Ber.,  1900,  33,  2658.  Compare  Kohlsohiitter,  Annalen,  1900, 
311,  1. 

"  Oechsner  de  Coninok  and  Camo,  Btdl.  Acad.  roy.  Bdg.,  1901,  321. 
^  Hillebrand,  Zeit.  anorg.  Chem.,  1893,  3,  249. 
"  Aloy,  Bull.  80c.  chim.,  1900,  [3],  23,  368. 
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left  as  a  brick-red  mass,  which  becomes  black  on  heating,  when 
uranyl  bromide  is  heated  in  the  air.^ 

Uranmis  Hydroxide,  U02,2H20,  is  precipitated  in  reddish- 
brown  flakes,  which  become  black  on  ebullition,  by  adding  an 
alkali  to  a  uranoiis  solution.^  It  dissolves  easily  in  dilute  acids, 
whilst  the  calcined  oxide  is  only  slightly  soluble  in  these 
liquids. 

Uranic  Oxide,  TJO3,  or  Uranyl  Oxide,  (XJ02)0. — -When  uranyl 
nitrate  is  heated  in  a  glass  tube  to  250°  so  long  as  acid  fumes 
escape,  this  oxide  is  left  behind  in  the  form  of  a  brownish- 
yellow  powder,  whereas,  when  the  nitrate  is  rapidly  decomposed, 
a  red  modification  of  the  oxide  is  produced.^ 

Uranic  Hydroxide,  U03,2H20,  cannot  be  obtained  by  precipi- 
tating a  uranyl  salt  by  an  alkali,  the  precipitate  thus  formed 
consisting  of  an  alkali  uranate.  It  may,  however,  be  prepared, 
according  to  Berzelius,  by  gently  calcining  the  nitrate  in  a 
sand-bath  as  long  as  nitric  acid  is  evolved.  The  residue 
contains  uranic  hydroxide  mixed  with  a  basic  salt,  which  can  be 
removed  by  washing  with  boiling  water.  It  may  likewise  be 
obtained  by  evaporating  a  solution  of  uranyl  nitrate  in  absolute 
alcohol,  at  a  moderate  heat,  until  a  yellow  mass  remains,  con- 
sisting of  the  hydroxide,  TJ02(OH)2,H20.  This  hydrate  loses 
half  its  water  at  100°,  or  in  a  vacuum  at  the  ordinary  tempera- 
ture, but  at  a  temperature  of  400°  it  begins  to  lose  oxygen,  and 
is  converted  into  uranoso-uranic  oxide,  UgOg.  Uranic  hydroxide 
is  yellow,  and  has  a  specific  gravity  of  5-92.  It  does  not 
undergo  change  in  the  air,  nor  does  it  absorb  carbon  dioxide. 

An  orange-coloured  hydroxide,  U03,H20,  can  be  obtained  by 
the  electrolysis  of  the  nitrate,*  and  is  formed  in  rhombic 
crystals  when  the  violet  hydrate  of  the  oxide  UgOg  is  boiled 
with  water  in  the  air.^ 

This  oxide,  as  mentioned  above,  yields  by  the  action  of  acids 
the  uranyl  salts,  whilst  with  bases  it  gives  rise  to  the  uranates. 
The  former  have  a  yellow  colour,  and  most  of  them  possess  a 
remarkable  fluorescence,  which  they  impart  to  glass.  The 
absorption  bands  exhibited  by  these  compounds  have  been 
studied  by  Becquerel  and  others.     These  salts  are  highly  sensi- 

1  Oechsner  de  Coninok,  Compt.  rend.,  1902,  135,  900. 
^  See  Aloy,  Bvll.  Soc.  chim.,  1899,  [3],  21,  613. 

5  OechsDer  de  Coninck,  Compt.   rend.,   1901,  132,  204 ;  Bull.  Acad.   roy. 
Belg.,  1904,  363,  448. 
*  Oechsner  de  Coninck  and  Camo,  BvZl.  Acad.  roy.  Belg.,  1901,  3,  222. 
5  Aloy,  Bull.  Soc.  chim.,  1900,  [3],  23,  368. 
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tive  to  light  and  have  been  employed  for  photographic  purposes. 
The  most  important  are  described  in  the  sequel,  together  with 
the  other  uranium  salts. 

The  Uranates. — The  alkali  uranates  are  obtained  by  precipi- 
tating a  uranic  salt  with  an  alkali,  those  of  the  alkaline  earths 
and  other  metals  by  precipitating  a  mixture  of  a  uranyl  salt  and 
a  corresponding  metallic  salt  with  ammonia.  They  are  also 
formed  when  a  mixture  of  a  metallic  uranate  and  the  acetate  or 
carbonate  of  the  metal  is  heated  in  the  air.  The  uranates  gen- 
erally have  the  composition  M20,2UOg,  and  correspond  to  the 
dichromates.  They  are  yellow,  insoluble  in  water  but  soluble 
in  acids,  and  are  decomposed  by  heat,  like  uranic  oxide  it- 
self 

Potassium  Bi-uranate,  KjUgO^. — This  is  obtained  as  a  pale 
orange-yellow  coloured  powder  by  precipitating  a  uranyl  salt 
with  an  excess  of  potash.  Probably  the  hydroxide  is  first  pre- 
cipitated and  then  two  molecules  unite  by  the  splitting  off  of 
water,  forming  uranic  acid,  which  unites  with  the  excess  of 
alkali  to  form  the  potassium  salt.  It  can  also  be  produced  by 
fusing  uranyl  chloride  with  potassium  chloride  and  ammonium 
chloride. 

Sodium  Bi-uranate,  NagUjOy,  is  obtained  in  a  similar  manner 
to  the  potassium  salt,  and  is  known  as  uranium  yellow,  being 
used  for  painting  on  glass  and  porcelain,  as  well  as  for  preparing 
the  yellow  glass  known  as  uranium  glass.  It  is  prepared  on 
a  large  scale  by  roasting  100  parts  of  pitchblende,  containing 
45  per  cent,  of  UgOg,  with  14  parts  of  lime  in  a  reverberatory 
furnace.  The  resulting  calcium  uranate  is  treated  with  dilute 
sulphuric  acid,  and  the  solution  of  uranic  sulphate  thus  obtained 
is  mixed  with  sodium  carbonate.  The  uranium  is  precipitated, 
together  with  the  other  metals,  but  re-dissolves  in  an  excess  of 
the  alkali.  On  treating  this  liquid  with  dilute  sulphuric  acid,  a 
hydrated  sodium  uranate,  or  uranium  yellow,  Na2U207,6H20, 
is  obtained.^ 

Ammoniivm  Uranate. — This  salt  sometimes  occurs  in  commerce 
as  a  fine  deep  yellow-coloured  precipitate,  termed,  like  the 
sodium  salt,  uranium  yellow.  It  is  easily  obtained  by  adding 
ammonium  chloride  or  sulphate  to  a  boiling  solution  of  sodium 
uranate,  washing  the  resulting  precipitate,  and  drying  at  a  gentle 
heat.     When  heated  to  redness  this  salt  yields  pure  uranoso- 


1  Patera,  J.  pr.  Chem.,  1854,  61,  397. 
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uranic  oxide,  and  serves  therefore  as  the  raw  material  for  the 
preparation  of  other  uranium  compounds. 

Uranoso-ttranic  Oxide  or  Green  Oxide  of  Uranium, 
UsOgC  =  1102,21103),  occurs  more  or  less  pure  in  pitchblende. 
The  pure  oxide  can  be  obtained  by  gently  heating  the  trioxide 
or  the  dioxide  in  the  air  in  the  form  of  a  satiny  dark-green 
powder,  having  a  specific  gravity  of  7  "2,  and  soluble  in  strong 
acids.  It  forms  a  violet  hydroxide  which  can  be  prepared  by 
the  action  of  light  on  a  solution  of  txranyl  oxalate  or  an  alcoholic 
solution  of  the  acetate.^ 

Black  Oxide  of  Uranium  or  Uranium  Pentoxide, 
JJ^0^(  =  TJ02,TJ0^),  is  formed  when  the  other  oxides,  or 
ammonium  uranate,  are  strongly  ignited  in  the  air,  and  when 
the  nitrate  is  electrolysed.  Zimmermann  states  that  it  possesses 
no  constant  composition.^ 

Uranium  Peroxide,  UO4. — When  a  very  dilute  solution 
of  hydrogen  peroxide  is  added  to  one  of  uranyl  nitrate,  a 
yellowish-white  precipitate  of  peruranic  hydroxide,  U04,4H20 
(air  dried),  is  formed,  which  evolves  chlorine  when  treated  with 
hydrochloric  acid.^  Peruranates  are  formed  by  the  action  of 
alkali  and  hydrogen  peroxide  on  the  uranyl  salts  (Fairley).  Two 
types  of  salt  are  known  ;  in  one  of  these  the  metal  appears  to 
be  present  as  a  peroxide  and  the  salt  can  be  hydrolysed  by 
weak  acids  or  bases  into  a  peroxide  and  uranium  peroxide ;  the 
hydrolysis  of  salts  of  the  second  type  yields  uranium  peroxide 
and  an  ordinary  metallic  oxide.* 

Soditim  Peruranate,  (^a.f>2)^0i,'!iRf>,  is  precipitated  when 
alcohol  is  added  to  a  solution  of  uranyl  nitrate,  caustic  potash, 
and  hydrogen  peroxide,  and  crystallises  in  golden-yellow  needle- 
shaped  crystals,  which  are  somewhat  more  stable  than  the 
potassium  salt.  If  the  minimum  quantity  of  caustic  soda  be 
employed,  a  red  crystalline  salt  separates  out,  having  the  com- 
position Na202(U0j2,6H20.  A  red  crystalline  salt,  Na^UOg.HjO, 
is  formed  when  peruranic  hydroxide  is  added  to  hydrogen 
peroxide  containing  alcohol.  It  slowly  decomposes  with 
evolution  of  oxygen.^  The  formation  of  a  salt  of  this  type  is 
the    cause    of    the   red   coloration   produced   when   hydrogen 

1  See  Aloy,  B'idl.  Soc  Mm.,  1900,  [3],  23,  368. 

2  Annalen,  1885,  232,  276. 

3  Fairley,  Joum.  Chem.  Soc,  1877,  i.,  127. 

*  Melikofif  and  Pisaarjewsky,   Ber.,   1897,   30,  2902;  Zeit.  anorg.   Chem., 
1898, 18,  59  ;  Pissarjewsky,  /.  Russ.  Phys.  Chem.  Soc. ,  1902,  34,  472. 
5  Aloy,  Bull.  Soc.  chim.,  1903,  [3],  29,  292. 
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peroxide  and  solid  potassium  carbonate  are  added  to  a  uranyl 
salt.i 

Lead  Pemranate  is  formed  as  a  double  salt  with  lead  uranate, 
(PbO)2U04,PbUO^,  by  the  action  of  sodium  peruranate  on  lead 
acetate.  Hydrogen  peroxide  is  liberated  in  the  reaction  and 
the  resulting  lead  salt,  when  treated  with  dilute  acetic  acid, 
yields  lead  acetate  and  peruranic  hydroxide,  but  no  hydrogen 
peroxide  (Melikoff  and  Pissarjewsky).  Other  salts  of  the  heavy 
metals  are  prepared  in  a  similar  manner ;  they  are  more  stable 
than  the  corresponding  salts  of  molybdenum  and  tungsten. 


Uranium  and  the  Halogens. 

507  Uranium  Tetrafluoo'ide  or  Uranous  Fluoride,  UF^,  is 
obtained  in  the  form  of  a  voluminous  green  powder,  when 
hydrofluoric  acid  is  added  to  a  solution  of  uranous  chloride.  It 
is  insoluble  in  water  and  hydrofluoric  acid,  and  when  heated  in 
the  air  it  leaves  a  green  residue  of  oxide.  When  ignited  in 
hydrogen  it  loses  hydrofluoric  acid.^ 

Uranous  fluoride  forms  double  salts  with  the  alkali  fluorides. 
Potassium  urano-fluoride,  KF,UF^,  is  obtained  by  the  action  of 
reducing  agents,  such  as  formic  and  oxalic  acids  under  the 
influence  of  light,  upon  the  potassium  urano-oxyfluoride, 
described  below.  It  is  a  green  powder,  resembling  uranous 
fluoride,  insoluble  in  water  and  in  dilute  acids. 

The  Hexaflum-ide  is  also  known.  The  reaction  between 
fluorine  and  uranium  is  extremely  vigorous  and  the  product  is 
mainly  the  tetrafluoride  and  small  quantities  of  the  hexafluoride 
UFg.  The  hexafluoride  is  best  prepared  from  the  pentachloride 
cooled  in  an  alcohol  and  carbon  dioxide  mixture.  It  forms  glisten- 
ing, colourless,  fuming,  monoclinic  prisms,  which  sublime  without 
melting  at  ordinary  temperatures  under  reduced  pressure.^ 

Uranyl  Fluoride,  UO^Fj,  was  obtained  by  Smithells  *  in  two 
modifications.  The  a-compound  is  obtained  by  carefully  heating 
the  tetrafluoride  in  presence  of  air  as  a  white  crystalline  sublim- 
ate, which  is  very  hygroscopic  and  yields  a  yellow  solution ; 
the  /3-derivative  is  formed  by  evaporating  a  solution  of  the 
oxide,  UgOg,  in  hydrofluoric  acid,  when  it  remains  as  a  yellow 

'  Aloy,  Bidl.  Soc.  chim.,  1902,  [.3],  27,  734. 

2  Carrington  Bolton,  Ber.  Alcad.  Wiss.  Berlin,  1866,  299. 

■*  Rufif,  Zedner,  Schiller,  and  Heinzelmann,  Ber.,  1909,  42,  492. 

*  Journ.  Chem.  Soc,  1883,  43,  125. 
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mass.  Both  combine  with  potassium  fluoride,  yielding  potassium 
urano-oxy fluoride,  UOjFg.SKF,  which  is  a  lemon-yellow  crystal- 
line precipitate,  and  is  also  formed  when  an  excess  of  potassium 
fluoride  is  added  to  a  solution  of  uranyl  acetate.  It  is  tri- 
morphous  (Baker).^  Corresponding  sodium,  ammonium,  and 
barium  salts  are  known  (Bolton).  Hydrogen  peroxide  converts 
these  salts  into  deep  yellow  coloured  peroxyfluorides.' 

Uranous  Oxyfluaride,  UOFg,  is  also  formed  by  the  action  of 
hydrofluoric  acid  on  the  oxide,  UjOg,  and  is  deposited  as  a  fine 
green  powder.^ 

Uranium  Trichloride,  UCI3,  is  obtained  by  heating  the  tetra- 
chloride in  hydrogen,*  or  by  the  continued  reduction  of  uranyl 
salts  with  zinc  and  hydrochloric  acid.^  It  is  a  reddish-brown 
powder,  and  dissolves  readily  in  water,  forming  a  red  solution, 
which  gradually  becomes  green  with  evolution  of  hydrogen. 

Uranium  Tetrachloride  or  Uranous  Chloride,  UCl^. — This  is 
produced  with  vivid  incandescence,  when  chlorine  is  passed 
over  metallic  uranium,  and  is  obtained  also  by  igniting  uranium 
dioxide  in  hydrogen  chloride,  and  exposing  a  solution  of  uranic 
oxide  in  hydrochloric  acid  containing  alcohol  to  sunlight.*  It 
is  best  prepared  by  passing  chlorine  over  a  heated  mixture  of 
charcoal  and  any  of  the  uranium  oxides,  or  over  uranium 
carbide.''  Some  pentachloride  is  simultaneously  formed,  and 
may  be  removed  by  heating  the  product  in  a  current  of  carbon 
dioxide.  It  can  also  be  prepared  bypassing  carbon  tetrachloride 
over  UgOg  at  a  red  heat.^  It  crystallises  in  splendid  dark-green 
octahedra,  having  a  metallic  lustre,  and  volatilising  at  a  red 
heat  to  form  red  vapours  with  the  normal  specific  gravity  of 
13'3.  It  is  extremely  deliquescent,  fumes  strongly  on  exposure 
to  the  air,  and  dissolves  readily  in  water,  with  evolution  of  heat 
and  formation  of  a  deep  emerald-green  solution.  This,  when 
concentrated  in  a  vacuum,  leaves  an  amorphous  deliquescent 
mass  of  uranous  chloride,  but  when  evaporated  by  heat  it 
decomposes,  yielding  a  soluble  residue,  probably  consisting  of 
the    oxychloride.     Solutions    of  uranous   chloride   yield   with 

'  Journ.  Chem.  Soc,  1879,  35,  763. 

2  Lordkipanidze,  /.  Euss.  Phys.  Chem.  Soc,  1900,  32,  283. 

'  Giolitti  and  Agamennone,  Atti  B.  Accad.  Lincei,  1905,  [5],  14,  i.,  114. 

*  Pffigot,  Ann.  Chim.  Phys.,  1842,  5,  20. 

*  Zimmermann,  Annalen,  1882,  213,  320. 

'  Aloy,  Bull.  Soc.  chim.,  1899,  [3],  21,  613. 
'  Aloy,  Bull.  Soc.  chim.,  1899,  [3],  21,  264. 
8  Colani,  Ann.  Chim.  Phys.,  1907,  [viii],  12,  59. 
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alkalis  a  precipitate  of  uranous  hydroxide.  The  solution  acts  as 
a  powerful  deoxidising  agent,  reducing  gold  and  silver  salts, 
and  converting  ferric  chloride  into  ferrous  chloride.  It  was  by 
the  analysis  of  this  chloride  that  P61igot  ascertained  that  the 
supposed  metal  was  in  reality  an  oxide. 

Uranium  tetrachloride  combines  directly  with  ammonia, 
forming  the  compound  3UC1^,4NH3,  and  unites  with  the  heated 
chlorides  of  potassium,  lithium,  and  the  metals  of  the  calcium 
group,  forming  green  salts,  UCl4,2M'Cl  or  UCl^.M^Clg,  which  are 
decomposed  by  water  (Aloy). 

Uranium  PentacUoride,  UCI5,  is  obtained  by  the  direct  union 
of  the  tetrachloride  with  chlorine.  It  exists  in  two  distinct 
forms,  according  as  it  is  produced  slowly  or  quickly.  When 
the  current  of  chlorine  is  slow,  the  uranium  pentachloride 
forms  long  dark  needle-shaped  crystals,  which  reflect  light  with 
a  green  metallic  lustre,  but  are  of  a  splendid  ruby-red  colour 
when  viewed  by  transmitted  light.  If  the  rate  at  which  the 
chlorine  passes  be  rapid,  the  pentachloride  is  deposited  in  the 
form  of  a  light  brown  mobile  powder.  The  magnificent  octa- 
hedral crystals  of  the  tetrachloride  are  always  deposited  in 
quantity  in  that  part  of  the  tube  nearest  the  heated  mixture, 
while  in  the  cooler  part  of  the  tube  the  black  needle-shaped 
crystals  of  the  pentachloride  are  formed,  mixed  with  more  or 
less  of  the  brown  powder,  which  is  generally  carried  a  consider- 
able distance  along  the  tube.  Both  the  black  crystals  and 
the  brown  powder  are  extremely  hygroscopic,  yielding  yellowish- 
green  liquids  on  exposure  to  the  air  for  a  few  minutes,  and 
hissing  and  giving  off  fumes  of  hydrochloric  acid  when  thrown 
mto  water.  Uranium  pentachloride  cannot  be  volatilised  with- 
out partial  decomposition,  as  when  heated,  either  alone  or  in  an 
atmosphere  of  chlorine  or  carbon  dioxide,  uranium  tetrachloride 
and  free  chlorine  are  formed.  This  dissociation  begins  in  an 
atmosphere  of  carbon  dioxide  at  120°,  and  is  complete  at  235°, 
when  the  percentage  of  chlorine  contained  in  the  residue  shows 
that  one-fifth  of  the  chlorine  has  been  driven  off.  The  tetra- 
chloride when  similarly  heated  loses  no  chlorine.^ 

Uranyl  Chloride  or  Uranium  Oxychloride,  UO.3CI2,  is  formed 
when  dry  chlorine  gas  is  passed  over  uranium  dioxide  at  a  red 
heat.  The  tube  then  becomes  filled  with  the  orange-yellow 
vapour  of  this  compound,  which  solidifies  to  a  yellow  crystal- 
line mass,  and  is  easily  fusible,  but  not  very  volatile.  When 
1  Roscoe,  Journ.  Chem.  Soc,  1874,  933. 
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strongly  heated  in  dry  air  it  yields  chlorine  and  the  dioxide, 
which  then  becomes  oxidised.^ 

Uranyl  chloride  is  soluble  in  water,  alcohol,  and  ether,  and 
its  aqueous  solution  yields  on  evaporation  crystals  of  the 
hydrate,  UOgClg.HgO.  This  may  be  obtained  in  solution  by 
acting  upon  uranic  oxide  with  hydrochloric  acid,  or  by  oxi- 
dising a  solution  of  uranous  chloride  with  nitric  acid.^ 

Uranyl  chloride  forms  double  chlorides  with  the  chlorides  of 
the  alkali  metals.  The  ammonium  salt,  2NH^Cl,U020l2,2H2O, 
crystallises  in  rhombohedra  from  a  syrupy  solution  of  the  mixed 
salts.  The  potassium  salt,  2KCl,U02Cl2,2H20,  is  obtained  by 
dissolving  potassium  uranate  in  excess  of  hydrochloric  acid, 
adding  potassium  chloride,  and  evaporating,  when  large 
rhombic  tablets  separate  out,  which  have  a  yellowish-green 
colour,  and  are  very  soluble.^  The  anhydrous  compound  can  be 
obtained  by  passing  the  vapour  of  the  oxychloride  over  heated 
potassium  chloride.*  Uranyl  chloride  combines  also  with  the 
hydrochlorides  of  the  organic  bases  (Greville  Williams).  Several 
basic  chlorides  have  been  described.' 

Uranium  Tetrabromide,  UBr^,  is  obtained  by  heating  in  an 
atmosphere  of  bromine  vapour  a  previously  ignited  mixture  of 
uranous  oxide  and  six  times  its  weight  of  starch,  or  of  the  green 
oxide  with  sugar  charcoal.^  The  bromide  is  deposited  in  the 
more  strongly-heated  portions  of  the  tube  in  lustrous  brown 
tablets  of  sp.  gr.  4'838  at  21°/4°.  The  specific  gravity  of  its 
vapour  is  19'5.  It  loses  its  lustre  and  becomes  dull  yellow  on 
the  surface  in  the  presence  of  even  traces  of  oxygen,  fumes  in 
the  air,  and  is  very  deliquescent. 

Uranyl  Bromide  or  Uranium  Oxyhromide,  UOgBrg,  is  obtained 
by  treating  uranous  oxide  with  bromine  and  water,  or  by  dis- 
solving uranic  oxide  in  hydrobromic  acid.  On  evaporation 
yellow  needles  are  deposited,  which  have  a  styptic  taste  and 
decompose  when  heated.''  It  has  not  been  obtained  in  the 
anhydrous  state. 

Uranium  Tetraiodide,   UI4,   described   by  Rammelsberg,   is 

1  Oechsner  de  Coninok,  Ann.  Chim.  Phys.,  1904,  [8],  3,  500. 

2  See  Mylius  and  Dietz,  Ber.,  1901,  34,  2774. 
5  See  Rimbach,  Ber.,  1904,  37,  461. 

*  Aloy,  Bull.  Soc.  chim.,  1901,  [3],  25,  15.3. 

■"'  Aloy,  Bull.  Soc.  chim.,  1899,   [3],  21,  613;  Orloff,  /.   Russ.  Phys.  Ohem. 
Soc,  1902,  34,  375  ;  1903,  35,  513. 
^  Richards  and  Merigold,  Zeit.  anorg.  Ohem.,  1902,  31,  250. 
'  See  Oechsner  de  Coninck,  Bull.  Acad.  roy.  Belg.,  1902,  12,  1025. 
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obtained  by  dissolving  uranous  hydroxide  in  hydriodic  acid.  A 
green  solution  is  thus  formed,  which  decomposes  on  evaporation. 
The  solid  substance  is  formed  as  a  crystalline  sublimate  when 
iodine  vapour  is  passed  over  uranium  at  a  temperature  of  500° 
in  sealed  vacuum  tubes.  It  forms  black  needles  melting  at 
500°,  and  dissolves  in  water,  giving  a  green  acid  solution.^ 

Uranyl  Iodide,  UOglj,  is  formed  when  a  slight  excess  of 
barium  iodide  is  added  to  an  ethereal  solution  of  the  nitrate, 
and  separates  in  red,  deliquescent,  unstable  crystals.^ 


Ubanium  and  Sulphur. 

508  Uranium  Sesquisulphide,  U2S3,  is  prepared  by  heating 
UBrg  in  sulphuretted  hydrogen,  and  yields  uranium  monosul- 
phide,  US,  when  heated  in  hydrogen.^ 

Uranous  Sulphide,  US,  is  obtained,  according  to  Peligot,  when 
metallic  uranium  is  heated  in  sulphur  vapour.  The  mass 
takes  fire  and  an  amorphous  greyish-black  powder  is  obtained 
which  becomes  crystalline  when  ignited  in  absence  of  air.  It 
may  also  be  formed  by  passing  a  carefully  dried  mixture  of 
hydrogen  and  sulphur  vapour  over  sodium  uranium  chloride. 
The  sulphide  is  thus  obtained  in  small  flattened  crystals.* 

Ammonium  sulphide  always  gives  a  black  precipitate  of  the 
hydrated  sulphide  with  uranous  salts.  When  exposed  to  moist 
air  the  sulphide  gives  off  hydrogen  sulphide  and  is  converted 
into  uranyl  sulphide,  UOgS. 

Uranyl  Sulphide,  UOgS,  is  precipitated  when  ammonium 
sulphide  is  added  to  a  solubion  of  uranyl  nitrate.  It  oxidises 
quickly  on  exposure  to  air,  and  dissolves  easily  in  acids  and  in 
ammonium  carbonate.  When  heated  in  the  presence  of  water 
until  all  the  ammonium  sulphide  has  been  driven  off,  it  decom- 
poses into  sulphur  and  the  dioxide.  If  air  be  excluded  the 
ammonium  sulphide  acts  as  a  reducing  agent,  and  the  residual 
black  powder  has  the  composition  UjO^o.  Uranyl  sulphide  is 
formed  in  black  needle-shaped  tetragonal  crystals  when  the 
green  oxide  is  strongly  heated  Avith  potassium  thiocyanate  and 
sulphur.^ 

1  Guichard,  Compt.  rend.,  1907,  145,  921. 
■■^  Aloy,  Ann.  Chim.  Phya.,  1901,  [7],  24,  412. 
''  Alibegoff,  AnnaUn,  1886,  233,  117. 
•  Oolani,  Ann.  Chim.  Phys.,  1907,  [viii],  12,  59. 
'  Milbauer,  Zeit.  anorg.  Chem.,  1904,  42,  448. 
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Uranium  Red. — When  sulphuretted  hydrogen  is  passed  into  a 
sohition  of  uranyl  nitrate  to  which  about  2'8  molecular  propor- 
tions of  caustic  potash  have  been  added,  an  orange-yellow 
precipitate  is  produced  which  dries  to  a  hard,  amorphous,  brick- 
red  mass  and  has  the  composition  5U03,2K20,H2S2.  When 
this  substance  is  treated  with  potassium  carbonate  or  caustic 
potash  it  is  converted  into  uranium  red,  which  is  a  blood-red 
precipitate  and  dries  to  a  brittle  amorphous  mass  resembling 
potassium  permanganate  in  appearance  and  yielding  a  carmine- 
red  powder.  This  compound  has  not  been  obtained  free  from 
water,  but  has  the  composition  5U03,2K20,HS2K,xH20,  and  is 
converted  into  the  orange-yellow  substance  by  carbonic  acid. 
Acids  decompose  it  with  liberation  of  half  the  sulphur  as 
free  sulphur  and  half  as  sulphuretted  hydrogen.^  An  analogous 
ammonium-red  can  be  obtained  by  the  action  of  ammonium 
sulphide  on  uranyl  nitrate,  and  it  was  in  this  way  that  uranium 
red  was  first  prepared.^ 

The  selenides,  USog  and  U2Se3,  and  the  telluride,  UsTcg,  have 
been  obtained  in  the  crystalline  state  by  heating  the  double 
chloride,  UCl^,2NaCl,  in  hydrogen  containing  the  vapour  of 
selenium  or  tellurium.^  A  crystalline  uranyl  selenide,  U02Se, 
is  obtained  by  heating  the  green  oxide  with  potassium  cyanide 
and  sulphur.* 

Uranyl  Sulphite. — When  sulphur  dioxide  is  passed  into  a 
solution  of  uranyl  acetate  a  crystalline  precipitate  is  produced 
which  has  the  empirical  composition  U03,S02,4H20  and  was 
regarded  by  Girard^  as  the  normal  sulphite,  U02,S03,4H20. 
Kohlschiitter,*  however,  formulates  it  as  a  uranyl  sulphurous 
acid,  S03H.U02.0H,3H20,  and  has  prepared  a  number  of 
complex  alkali  salts. 

Uranous  Sulphate,  U(S04)2,9H20,  crystallises  from  aqueous 
solution  in  greenish  monoclinic  twinned  prisms  and  is 
isomorphous  with  crystallised  thorium  sulphate.^  It  is,  how- 
ever, usually  obtained  with  8H2O.  In  order  to  prepare 
this  salt,  the  green  oxide,  UgOg,  is  dissolved  in  dilute  sulphuric 
acid  and  the  solution  allowed  to  crystallise  after  addition  of 

^  Kohlschutter,  Annalen,  1900,  314,  311. 

2  Patera,   J.pr.  Chem.,  1850,  51,  122;  Kernels,  Annalen,  1865,  125,  209; 
Zimmermann,  ibid.,  1880,  204,  204. 
»  Colani,  Compt.  rend.,  1903,  137,  382. 
*  Milbauer,  Zeit.  anorg.  Chem.,  1904,  42,  450. 

5  Compt.  rend.,  1852,  34,  22.  "  Annalen,  1900,  311,  1. 

'  Rammelsberg,  Zeit.  Kryat.  Min.,  1889,  15,  640. 
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some  alcohol.  The  mother-liquor,  which  contains  uranyl 
sulphate,  yields  another  crop  of  crystals  of  uranous  sulphate 
after  it  has  remained  exposed  to  the  light,  inasmuch  as  the 
uranyl   salt    present   in   solution    is    reduced    by    the    alcohol. 

Sodium  hyposulphite  has  also  been  found  a  satisfactory 
reducing  agent.  Uranous  sulphate  forms  a  stable  hydrate  with 
■iHjO  and  several  other  hydrates,  and  is  readily  decomposed 
by  water  with  formation  of  basic  salts.^  It  forms  double 
salts  with  the  sulphates  of  the  alkali  metals ;  ^  as,  for  instance, 
U(S0J2,K2S0„2H20,  and  UCSOJ.^CNHJ^SO^.Hp. 

Uranyl  Sulphate,  UOaSO^.SHjO,  is  obtained  by  heating 
uranyl  nitrate  with  sulphuric  acid,  and  does  not  crystalhse 
readily.  It  dissolves  in  about  20  parts  of  water  at  the  ordinary 
temperature.^  When  dissolved  in  moderately  concentrated 
sulphuric  acid,  fine  yellowish-green  fluorescent  crystals  of 
110280^11280^  are  deposited  on  cooling,  whilst  from  a  solution 
in  concentrated  sulphuric  acid  crystals  of  a  disulphate,  UO2S2O7, 
are  deposited,  which  do  not  fluoresce.  By  the  gradual  oxidation 
of  the  pitchblende  found  in  Joachimsthal,  several  new  uranium 
minerals  have  been  formed.  Amongst  the  more  important  are 
certain  sulphates,  such  as  uranium-vitriol  or  johannite,  and 
some  basic  sulphates. 

Uranyl  sulphate  forms  double  salts  with  the  sulphates  of  the 
alkali  metals,  such  as  U02SO„K2SO^,2H20.  This  is  very 
soluble,  and  crystallises  in  yellow  crusts,  whilst  the  sparingly 
soluble  ammonium  salt,  U02S0„(NHJ2S0„2H20,  is  deposited 
in  monoclinic  lemon-coloured  prisms.* 


Uranium  and  Nitrogen,  Phosphorus,  and  Arsenic. 

509  Uranium  Nitride.— UrAnixxm.  combines  directly  with 
nitrogen  at  1000°,  forming  a  yellow  nitride,^  the  composition  of 
which  is  not  stated.     The  nUride,  U3N,,  is  obtained  as  a  very 

^  Orlofif,  J.Euss.  Phys.  Chem.  Soc,  1902,  34,  381;  Oeohsner  de  Coninok, 
Bull.  Acad.   roy.   Belg.,    1901,  483;    Kohlsohutter,    Ber.,    1901,   34,  3628; 

;«^i"o/"'^  ^'"^'  ^"''•'  ^^^'  35.  ii-,  151,  162;  Giolitti  and  Liberi,  iUd., 
1906,  36,  ii.,  443. 

^  See  Kohlsohutter,  Bar.,  1901,  34,  3619. 

^^^  Oeohsner  de  Coiiinok,  Bull.   Acad.   roy.    Bely.,    1901,   222,   349;    1902, 

J  See  also  Oechsner  de  Coninok,  Bull.  Acad.  roy.  Belg.,  1904,  1171  ;  1905, 
50,  94,  151,  182.  J         »  '  ,  , 


Moissan,  Oompt.  rend.,  1896,  122,  274. 
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stable  1  grey  or  black  powder  by  heating  the  tetrachloride  in 
ammonia,  mixing  the  product  with  ammonium  chloride,  and 
again  igniting  in  an  atmosphere  of  ammonia. 

Uranyl  Nitra^te,  U02(N03)2,6H:20.— This  salt,  which  is  com- 
monly known  as  uranium  nitrate,  is  prepared  by  dissolving  any 
of  the  oxides  of  uranium  in  nitric  acid.  It  crystallises  in  fine 
lemon-yellow  fluorescent  rhombic  prisms,  which  are  soluble  in 
half  their  weight  of  water  ^  and  deliquesce  on  exposure.  The 
aqueous  solution  has  an  acid  reaction  owing  to  the  partial 
hydrolysis  of  the  salt.^  The  nitrate  is  prepared  commercially 
by  igniting  ammonium  uranate,  (NHJgUgOy,  and  dissolving  the 
oxide  in  nitric  acid.*  It  readily  forms  double  salts  with  the 
alkali  nitrates.^ 

Uranium  phosphide,  UgP^,  arsenide,  UgAs^,  have  been  prepared 
byColani'^  in  a  similar  manner  to  the  telluride  (p.  1117)  as 
black  crystalline  powders,  readily  oxidised  by  nitric  acid. 

Uranous  metaphosphate,  U(P03)^,  uranous  pyrophosphate 
UPgOy,  and  uranous  orthophosphate  U3(P0^)^,  have  been  prepared 
by  Colani.'^ 

Uranyl  Phosphates. — The  normal  orthophosphate  is  not  known. 
The  mono-hydrogen  salt,  H(U02)PO^,4H20,  is  deposited  in 
yellow  tetragonal  plates  from  a  solution  of  precipitated  uranium 
phosphate  in  hob  water  acidified  with  hydrochloric  acid.*  When 
uranic  oxide  is  treated  with  phosphoric  acid,  a  crystalline 
powder  is  obtained  which  is  partially  soluble  in  water,  and  the 
solution    deposits    yellow   crystals    of    the    di-hydrogen    salt, 

Uranyl  Ammonium  Phosphate,  UOjNH^PO^,  is  a  greenish- 
yellow  precipitate,  insoluble  in  acetic  acid,  obtained  by  adding  a 
soluble  phosphate  to  a  solution  of  uranyl  acetate  containing 
ammonium  chloride.  This  reaction  is  employed  for  the 
volumetric  estimation  of  uranium,  as  well  as  for  that  of  phos- 
phoric acid. 

Uranyl     Arsenates. — Several     of    these     compounds     exist 

1  Kohlschiitter,  Annalen,  1901,  317,  158. 

'  See  Oechsner  de  Coninck,  Compt.  rend.,  1900,  131,  1219,  1303 ;  1901, 
132,  90,  204 ;  Bull.  Acad.  roy.  Belg.,  1901,  222. 

3  Ley,  Zeit.  physikcU.  Chem.,  1899,  30,  193 ;  £er.,  1900,  33,  2658 ;  Dittrioh, 
Zeit.  physikal.  Chem.,  1899,  29,  449. 

*  Janda,  Oester.  Zeit.  Btrg.-HiiU.,  1901,  49,  325. 

=  Meyer  and  Wendel,  Ber.,  1903,  36,  4055 ;  Rimbach,  iUd.,  1904,  37,  461. 

«  Compt.  rend.,  1903,  137,  382. 

^  Ami.  Chim.  Phys.,  1907,  [viil],  12,  59. 

*  Bourgeois,  Bull.  Soc./ran^.  Min.,  1898,  21,  32. 
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as  minerals  (Winkler).  Trogerite  has  the  composition 
(U02)3(As04)2,12H20  ;  walpurgite  is  a  basic  arsenate  of  uranyl 
and  bismuth;  uranospinite  is  an  arsenate  of  uranium  and 
calcium. 

Uranium  and  Carbon. 

510  Uranium  Oariide,  UjCg,  is  obtained  by  strongly  heating 
a  mixture  of  500  grams  of  green  uranium  oxide  and  60  grams  of 
charcoal  in  the  electric  furnace,  and  is  a  crystalline  lustrous 
solid,  which  scratches  rock  crystal  but  not  corundum,  and  has  a 
specific  gravity  of  11'28  at  18°.  It  is  attacked  by  fluorine  when 
gently  warmed,  by  chlorine  at  350°,  and  by  oxygen  at  370°.  In 
contact  with  water,  about  one-third  of  the  carbon  is  evolved  as 
a  gaseous  mixture  containing  0'2-0'7  per  cent,  of  acetylene, 
5'0-7'0  per  cent,  of  ethylene,  78-81  per  cent,  of  methane,  and 
13"5-15'0  per  cent,  of  hydrogen,  the  remainder  of  the  carbon 
being  converted  into  a  mixture  of  solid  and  liquid  hydrocarbons.^ 
When  two  pieces  of  the  carbide  are  rubbed  together,  or  even 
shaken  in  a  bottle,  brilliant  sparks  are  given  off 

Uranyl  Carbonates. — Double  salts  of  uranyl  carbonate  and 
alkali  carbonates  are  obtained  by  precipitating  a  uranyl  salt  with 
an  alkali  carbonate.  The  potassium  salt,  U02C03,2K2C03, 
is  obtained  by  dissolving  potassium  uranate  in  potassium 
bicarbonate,  and  evaporating  at  a  moderate  temperature,  when 
the  compound  is  deposited  in  silky  crystalline  crusts.^  Water 
dissolves  at  the  ordinary  temperature  7  per  cent,  of  its 
weight  of  this  salt.  The  corresponding  sodium  salt  is  obtained 
in  a  similar  way,  and  possesses  similar  properties.  The  am- 
monium compound,  U02C03,2(NHJ2C03,  is  prepared  by  gently 
warming  ammonium  uranate  with  a  solution  of  ammonium 
carbonate,  and  separates  out  on  cooling  in  lemon-yellow  small 
flat  monoclinic  prisms.  It  dissolves  at  the  ordinary  temperature 
in  20  per  cent,  of  water,  but  is  less  soluble  in  water  containing 
ammonium  carbonate.  The  mineral  liebigite  is  a  uranyl 
calcium  carbonate,  UO2CO3,CaCO3,10H2O,  which  occurs  as  an 
apple-green  warty  mass,  together  with  other  uranium  minerals. 

Detection  and  Estimation  of  Uranium. 

511  The  uranous  salts  are  green  and  pass  rapidly  by  oxida- 
tion into  the  uranyl  salts,  which  have  a  yellow  colour,  and  yield 
'  Moissan,  Compt.  rend.,  1896,  122,  274. 
2  See  also  Oechsner  de  Coninck,   Bull.  Acad.  roy.  Belg.,  1904,  36.3,  448. 
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with  alkalis  or  alkali  carbonates  yellow  precipitates  of  the 
alkali  uranates. 

In  the  general  separation  of  the  metals  uranium  is  obtained 
together  with  iron.  In  order  to  separate  these,  the  precipitated 
oxides  are  washed  and  treated  with  a  concentrated  solution 
of  ammonium  carbonate,  and  filtered.  Uranium  is  detected 
in  the  filtrate  after  supersaturation  with  hydrochloric  acid,  by 
the  brown  precipitate  produced  with  ferrocyanide  of  potassium. 
When  a  uranium  compound  is  fused  with  microcosmic  salt  in 
the  oxidising  flame,  a  yellow  bead  is  obtained  which  on  cooling 
becomes  green,  and  on  re-heating  attains  a  darker  green  colour. 

Most  of  the  uranyl  salts  show  a  strong  fluorescence,  and  give  a 
characteristic  absorption  spectrum,  which  has  been  examined  by 
Morton  and  Bolton,^  whilst  the  fluorescence  and  phosphor- 
escence spectra  have  been  described  by  E.  Becquerel  ^  and 
H.  Becquerel.^ 

The  uranium  compounds  do  not  impart  any  tint  to  the  non- 
luminous  gas  flame.  The  spark  spectrum  of  uranium  is  a  com- 
plicated one,  and  has  been  mapped  by  ThaMn.  It  consists  of  a 
large  number  of  lines,  of  which  five  in  the  green  are  conspicuous 
by  their  brightness,  viz.  5495,  5482,  5480,  5478,  and  5475; 
there  are  also  three  specially  bright  lines  in  the  more 
refrangible  portions,  viz.,  4473,  4363,  and  4341. 

In  order  to  estimate  uranium  *  it  is  converted  into  a  uranyl 
salt,  precipitated  with  ammonia,  and  the  washed  precipitate 
converted  by  ignition  into  the  green  oxide.  It  may,  like 
iron,  be  estimated  volumetrically  with  a  solution  of  potass- 
ium permanganate,  the  uranyl  compound  being  previously 
reduced  to  the  uranous  salt  by  the  action  of  zinc  and  sulphuric 
acid,  or  the  solution  of  uranyl  acetate  may  be  titrated  with 
sodium  phosphate.  The  hydrated  oxide  is  deposited  when 
solutions  of  uranyl  salts  are  electrolysed. 

The  Atomic  Weight  of  uranium  was  determined  by  P^ligot  by 
the  analysis  of  the  tetrachloride,  which  he  found  to  contain  37-2 
per  cent,  of  chlorine,  whence  he  calculated  the  number  237-6  as 
the  atomic  weight.     He  afterwards  obtained  the  number  238-3 

1  American  Chemist,  3,  360,  401  ;  see  also  Vogel,  Ber.,  1875,  8,  1535  ;  1878, 
11,  915 ;  Zimmermann,  Annalen,  1882,  213,  285. 

2  Compt.  rend.,  1872,  75  ;  1879,  88,  1237. 

»  Compt.  rend.,  1885,  101,  1252 ;  1907,  144,  459. 

*•  A  summary  of  the  hest  methods  of  estimation  is  given  by  Kern,  ./.  Amer. 
Chem.  Soc,  1901,  23,  685. 
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by  the  conversion  of  the  acetate,  U02(C2H302)2,H20,  into  the 
dioxide.  Zinnnermann,  on  the  other  hand,  by  the  same  method, 
obtained  the  number  237'7,  whilst  from  a  series  of  experiments 
in  which  he  converted  the  dioxide  into  the  green  oxide  and  vice 
versa  the  number  237'8  was  found.^  Aloy,^  by  the  determination 
of  the  ratio  UOj :  N  in  pure  uranyl  nitrate,  obtained  the  value 
237-6  (N  =  13-93),  which  becomes  237-1  when  the  more  modern 
value  N  =  13-90  is  adopted.  Richards  and  Merigold,^  by 
analysis  of  the  very  carefully  purified  tribromide,  obtained  the 
value  238-5,  whilst  Lebean*  found  the  same  number  by  the 
reduction  of  uranyl  nitrate  dihydrate  to  uranium  oxide  by 
heating  the  salt  in  a  current  of  hydrogen  to  1100°.  Hence  the 
number  238-5  is  now  adopted.     (1913) 


GROUP    VII. 

Stib-group  (a)  Sub-group  (b) 

Fluorine.  Chlorine. 

Manganese.  Bromine. 

Iodine. 

512  In  the  periodic  system,  manganese  is  the  only  metallic 
representative  of  the  even  series  of  the  seventh  group  as  yet 
known,  the  typical  elements  of  which  are  fluorine  and  chlorine, 
and  the  remaining  members  bromine  and  iodine. 

The  halogen  elements  have  already  been  described  in  Vol.  I. 
The  analogy  of  manganese  with  these  elements  is  almost  entirely 
confined  to  the  derivatives  of  its  highest  oxide,  Mnfi^.  To  this 
oxide  corresponds  permanganic  acid,  HMnO^,  the  salts  of  which 
are  isomorphous  with  the  perchlorates. 

In  its  general  chemical  behaviour,  however,  manganese  shows 
strong  resemblances  to  both  chromium  and  iron,  between  which 
it  stands  in  the  fourth  horizontal  series.  Like  chromium,  it 
forms  a  basic  oxide,  R^Og,  a  dioxide,  ROg,  and  an  acidic  tri- 
oxide,  RO3,  and  the  potassium  salt  of  the  acid  corresponding  to 
the  latter  crystallises  in  the  same  forms  as  potassium  sulphate 
and  chromate.  Both  this  oxide  and  the  salts  are,  however, 
much  less  stable  than  the  corresponding  chromium  compounds. 
On  the  other  hand,  manganese  resembles  iron  in  forming  three 

'  Amialen,  1885,  213,  299.  2  Compt.  rend.,  1901,  132,  551. 

■'  Zeit.  anorg.  Ckem..,  1902,  31,  235.  "  Compt  rend.,  1912,  155,  163. 
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oxides  of  the  types  RO,  RgOg,  RjO^,  and  both  iron  and  chromium 
in  forming  two  series  of  salts  corresponding  to  the  first  two  of 
these.  The  manganic  salts  are,  however,  very  unstable,  whilst 
the  manganous  salts  are  much  more  permanent  than  the 
divalent  salts  of  iron  or  chromium. 


MANGANESE.    Mn  =  54-93. 

513  Black  oxide  of  manganese,  manganese  dioxide,  or  pyro- 
lusite  was  known  in  early  times,  but  for  a  long  period  this 
compound  was  confounded  with  magnetic  iron  ore,  and  this 
fact  explains  the  statement  of  Pliny  that  loadstone  was  em- 
ployed in  the  manufacture  of  glass  for  the  purpose  of  removing 
or  attracting  the  impurities  of  colouring  matters  out  of  the 
glass.  He  distinguished,  moreover,  special  kinds  of  magnes ; 
one  of  these,  which  is  of  the  feminine  gender,  does  not  attract 
iron :  "  magnes  qui  niger  est  et  feminei  sexus,  ideoque  sine 
viribus."  This  probably  was  manganese  dioxide.  The  derivation 
of  the  word  magnet  appears  to  be  doubtful.  In  the  Middle 
Ages  loadstone  was  distinguished  as  magnes  or  magnesius  lapis. 
Pyrolusite,  however,  was  termed  magnesia  probably  because 
Pliny  had  already  pointed  out  the  existence  of  two  species 
of  loadstone.  Many  of  the  alchemists,  however,  believed  it  to 
be  an  ore  of  iron.  They  likewise  mention  its  use  in  glass- 
making,  and  in  the  Latin  manuscripts  of  the  sixteenth  century 
it  is  designated  by  the  term  lapis  manganensis,  or  similar 
names. 

In  1740,  Pott,  in  his  treatise  entitled  "  Uxamen  chymicum 
magnesia  vitrariorum,  Germanis  Braimstein,"  proved  that  the 
black  oxide  of  manganese  did  not  contain  iron,  and  that  from  it 
a  definite  series  of  salts  could  be  obtained.  He  did  not,  how- 
ever, suggest  that  it  contained  a  new  metal.  Scheele's 
celebrated  investigations  on  manganese  were  published  in  the 
year  1774.  In  these  he  showed  that  the  mineral  manganese 
possesses  a  strong  attraction  for  phlogiston,  and  that  it  takes 
this  substance  up,  uniting  with  acids  to  form  colourless  salts ; 
this  being  explained,  according  to  our  present  views,  by  the 
fact  that  it  gives  off  oxygen.  On  the  other  hand,  the  solutions 
of  manganese  which  did  not  contain  phlogiston  were  shown 
to  be  coloured.  Scheele  believed  that  the  earth  contained 
in  this  mineral  resembled  lime;  but  in  the  above-mentioned 

4  c  2 
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year  Bergman,  founding  his  deductions  upon  Scheele's  ex- 
periments, came  to  the  conclusion  that  manganese  was  probably 
the  calx  of  a  new  metal,  inasmuch  as  it  coloured  glass,  and  its 
solutions  were  precipitated  by  prussiate  of  potash,  these  being 
reactions  common  to  the  metallic  calces.  Gahn  was,  however, 
the  first  to  isolate  the  new  metal.  In  Germany  this  was  called 
Braunstein-konig  or  Braunstein-metal.  In  other  languages,  in 
which  Braunstein  was  termed  magnesia  niger,  in  order  to 
distinguish  it  from  magnesia  alba,  the  metal  was  called 
manganese  or  manganesium. 

Manganese  occurs  in  nature  chiefly  as  the  dioxide  or  pyro- 
lusite,  MnOg.  It  is  found  also  in  the  following  minerals ;  braunite, 
MngOg;  hausmannite,  MugO^;  psilomelane,  (Mn,Ba)0,Mn02 ; 
manganite,  MnjOg.HgO ;  rhodocrosite  or  manganese  spar, 
MnCOg,  which  also  frequently  occurs  as  an  isomorphous  con- 
stituent in  ferrous  carbonate  and  other  similar  minerals. 
Manganese  occurs  also  as  alabandite  or  sulphide  of  manganese 
MnS ;  and  hauerite,  or  manganese  disulphide,  MnSj.  It  like- 
wise forms  an  essential  constituent  of  many  other  minerals, 
although  occurring  in  them  only  in  small  quantity.  Thus,  for 
instance,  most  silicates  contain  manganese,  which  frequently 
imparts  to  them  their  peculiar  colour.  By  means  of  these 
minerals  the  metal  manganese  passes  into  the  soil  and  into 
drainage  water,  whence  it  is  absorbed  in  small  quantities  into 
the  bodies  of  plants  and  animals. 

The  natural  oxides  of  manganese  usually  contain  traces  of 
potassium,  rubidium,  silver,  and  copper,  whilst  gallium,  indium, 
and  thallium  are  occasionally  present.^ 

514  Preparation  of  Metallic  Manganese.— The  higher  oxides  of 
manganese  can  be  reduced  only  to  manganese  monoxide  at  a 
red  heat,  the  metal  not  being  formed  either  when  the  oxide  is 
heated  alone  or  mixed  with  charcoal  in  a  current  of  hydrogen 
until  the  temperature  rises  to  white  heat.  The  original 
method  of  preparing  the  metal,  proposed  by  John,^  depends  upon 
this  fact.  Finely  divided  oxide  of  manganese,  obtained  by  the 
calcination  of  the  carbonate  in  a  covered  crucible,  is  well  mixed 
with  carbon,  and  the  mixture  fonned  into  a  paste  with  oil ;  the 
paste  is  then  introduced  into  a  crucible  lined  with  charcoal,  and 
the  upper  portion  completely  filled  with  powdered  charcoal.  The 
crucible  is  first  heated  to  redness  for  half-an-hour  to  solidify  the 

'  Hartley  and  Ramage,  Jourii.  Chem.  Soc,  1897,  71,  533. 
^  Gehlen's  Journ.  Ohem.  Phys. ,  S,  452. 
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mass,  after  which  the  cover  is  carefully  luted  down,  and  the  whole 
exposed  to  a  wind  furnace  for  an  hour-and-a-half  to  the  highest 
temperature  which  the  crucible  can  support  without  fusing. 
The  regulus  thus  prepared  contains  both  carbon  and  silicon 
derived  from  the  ashes  of  the  wood  charcoal.  By  igniting  the 
metal  a  second  time  in  a  charcoal  crucible  with  some  borax  it 
was  obtained  by  John  in  a  more  fusible  and  brilliant  state,  and 
so  free  from  carbon  that  it  left  no  black  residue  when  treated 
with  an  acid. 

Deville's  method  ^  consists  in  mixing  red  manganese  oxide 
Mn304,  prepared  by  heating  the  artificial  dioxide,  with  sugar 
charcoal  insufficient  in  quantity  for  complete  reduction.  The 
mixture  is  placed  in  a  doubly-lined  crucible  and  heated  to 
whiteness.  The  regulus  obtained  is  coated  with  a  violet  crys- 
talline mass  which  appears  to  be  calcium-manganese  spinel, 
CaCMn^Og. 

Hugo  Tamm  -  suggests  the  following  as  the  best  method  of 
preparation  on  the  large  scale.  A  flux  is  prepared  of  twenty 
parts  of  powdered  soda-lime  glass  and  seven  parts  of  fluor-spar ; 
six  parts  of  this  mixture  are  then  added  to  one  part  of  lamp- 
black and  eleven  parts  of  powdered  black  oxide  of  manganese. 
The  mass  is  heated  in  a  plumbago  crucible  which  has  been 
lined  with  a  mixture  of  three  parts  of  graphite  and  one  part  of 
fire-clay,  and  this  is  then  intensely  ignited  in  a  wind  furnace. 
A  green  slag  termed  "  green  flux  "  is  obtained  in  this  operation, 
together  with  metallic  manganese,  and  this  flux  serves  for  a 
fresh  operation.  Seven  parts  of  this  flux  are  mixed  with  ten 
parts  of  the  best  manganese  dioxide,  one  part  of  lampblack,  and 
some  oil.  The  mass  is  brought  into  a  similar  crucible,  covered 
with  a  thick  piece  of  wood,  and  the  cover  luted  down,  a  small 
opening  being  left  for  the  escape  of  the  gases  which  are  evolved. 
It  is  first  heated  gently,  and  then  ignited  at  a  white  heat  for 
several  hours.  In  this  way  four  parts  are  obtained  of  impure 
manganese  metal,  which  is  found  to  be  covered  with  a  grey 
slag ;  the  latter  may  be  employed  for  further  smelting  operations, 
especially  if  some  of  the  first  flux  be  added. 

This  impure  manganese,  termed  cast  manganese,  contains  a 
variety  of  impurities.  A  specimen  of  pyrolusite  containing 
60-5  per  cent,  of  manganese  and  35  per  cent,  of  iron  gave  a 
regulus  having  the  composition  given  in  column  I. ;  after  fusion 

1  Ann.  Chim.  Phya.,  1856,  [,3],  46,  182. 
-  Clum.  NtKx,  1872,  26,  111. 
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with    half    its  weight    of  manganese    carbonate    this    regulus 
yielded  a  product  possessing  the  composition  given  in  column  II. 


Manganese 

Iron       .    . 

Silicon 

Carbon 

Aluminium 

Calcium 

Phosphorus 

Sulphur 


I. 

II. 

96-90 

99-910 

1-05 

0-050 

0-85 

0-015 

0-95 

0-025 

010 

■ — . 

005 

— 

0-05 

— 

0-05 

— 

100-000       100-000 


Jordan  ^  describes  a  method  of  preparing  metallic  manganese 
on  a  large  scale  by  treating  m.anganese  ores  in  a  blast  furnace. 
The  metal  obtained  is  cast  manganese,  containing  85  per  cent, 
of  manganese,  6  per  cent,  of  carbon,  8  per  cent,  of  iron,  and 
traces  of  silicon,  sulphur,  and  phosphorus. 

Other  processes  of  preparing  the  metal  consist  in  igniting 
a  mixture  of  fluor-spar  and  chloride  of  manganese  with  metallic 
sodium,^  or  gradually  adding  15  gr.  of  metallic  magnesium  to  a 
fused  mixture  of  100  gr.  of  manganese  chloride  and  200  gr.  of 
potassium  chloride.^  The  metal  may  be  obtained  also  by  the 
electrolysis  of  a  concentrated  solution  of  the  chloride  according 
to  the  process  described  by  Bunsen,*  or  by  heating  the  amalgam, 
which  can  be  prepared  electrolytically.^ 

The  method  of  reducing  manganese  oxide  by  aluminium  is 
due  to  Greene  and  Wahl,^  who  devised  it  for  producing  the 
pure  metal  cheaply.  The  metal  they  obtained  contained 
965  per  cent,  of  manganese,  2-0  per  cent,  of  iron,  and  1'5  per 
cent,  of  silicon. 

In  recent  years  a  considerable  amount  of  metallic  manganese 
has  been  made  by  the  Goldschmidt  process  (see  Aluminium), 
and  this  attains  a  high  degree  of  purity,  containing  as  much  as 
98-5  to  99-0  per  cent,  of  the  metal.  Lebeau '  has,  however, 
shown  that  metal  so  produced  may  contain  as  much  as  5-25  per 
cent,  of  silicon. 

1  Convpt.  rend.,  187S,  86,  1374.  ^  Brunner,  Pogg.  Ann.,  1857,  101,  264. 

■<  Glatzel,  Ber.,  1889,  22,  2857.  ■>  Pogg.  Ann.,  1854,  91,  619. 

■■  Prelinger,  Monatsh.,  1894,  14,  353. 

"  Trans.  American  Institute  of  Mining  Engineer.^,  1893,  21,  887. 

'  Ann.  Chim.  Phy^.,  1904,.  1,  553. 
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With  regard  to  the  preparation  of  manganese  in  the  electric 
furnace,^  Moissan  proved  that  by  using  excess  of  oxide,  the 
reduced  metal  might  be  obtained  free  from  carbon  and  silicon. 
This  method  has  recently  been  put  into  commercial  use,  but  the 
efficiency  of  the  process  is  not  such  as  to  yield  metal  at  a  low 
cost,  for  Moissan  has  shown  that  manganese  is  highly  volatile  at 
electric  furnace  temperatures,  and  that  as  much  as  400 
grammes  of  the  metal  may  be  volatilised  in  ten  minutes  in  the 
electric  arc. 

Manganese  has  been  obtained  also  by  electrolysis.  Ferro- 
manganese  anodes  are  allowed  to  dip  into  fused  sodium  chloride, 
and  an  electric  current  is  passed.  Pure  manganese  is  deposited 
at  the  cathode.^  It  has  been  prepared  also  by  electrolysing 
manganese  dioxide  dissolved  in  fused  fluorspar.^ 

Properties. — Pure  manganese,  obtained  by  the  reduction 
process,  is  a  grey  or  reddish-white  metal,  having  the  colour  and 
appearance  of  cast  iron.  It  is  very  hard  and  brittle,  has  a 
specific  gravity  of  about  8'0,  and  oxidises  so  easily  in  the  air 
that  it  must  be  kept  under  rock-oil  or  in  well-sealed  vessels. 
Cast  manganese  containing  iron  is,  however,  unalterable  in  the 
air.  Manganese  is  readily  dissolved  by  all  dilute  acids,  yields 
sulphur  dioxide  with  hot  concentrated  sulphuric  acid,*  and  de- 
composes water  with  evolution  of  hydrogen  even  in  the  cold, 
more  rapidly  when  heated.  It  melts  ^  at  1245°,  volatilises  readily 
at  the  temperature  of  the  electric  furnace,  being  more  volatile 
than  nickel,  chromium,  or  iron.^  Manganese  combines  rapidly 
with  nitrogen  above  1210°. 


Alloys  of  Manganese. 

515  The  alloys  of  manganese  and  copper  closely  resemble 
those  of  tin  and  copper. '^  Those  which  contain  from  5  to  8  per 
cent,  of  manganese  are  malleable,  but  those  in  which  a  higher 
percentage  of  manganese  is  present  become  grey  and  brittle. 

Manganese  bronze  is  made  by  adding  cupro-manganese 
containing  about  25  per  cent,  of  manganese  to  the  molten 
bronze.      For   industrial   purposes   it   contains    from    1    to    3 

I  Gompt.  rend.,  1892,  116,  1429.  ^  V>.  R.  P.,  74959. 

"  Eng.  Patent,  17190.  *  Adie,  Proc.  Ghem.  Soc,  1899,  15,  133. 

»  Heraeus,  Zeil.  Mektrochem. ,  1902,  8,  185. 

"  Moissan,  Gomp/.  rend.,  1906,  142,  425. 

'  Valenciennes,  Comjjl.  raid.,  1870,  70,  607. 
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per  cent,  of  manganese,  8  to  15  per  cent,  of  tin,  and  0  to  5  per 
cent,  of  zinc,  the  rest  being  copper. 

The  alloys  of  manganese,  copper,  and  zinc  of  most  commercial 
value  contain  from  58  to  60  per  cent,  of  copper,  from  traces 
to  2'2  per  cent,  of  manganese,  and  from  39  to  41  per  cent, 
of  zinc :  they  closely  resemble  German  silver,  and  may  serve 
as  a  substitute  for  this  substance. 

Alloys  of  manganese  with  aluminium,  antimony,  tin,  bismuth, 
arsenic,  and  boron  are  noteworthy  owing  to  the  remarkable 
magnetic  properties  which  they  possess.^ 

The  alloys  of  manganese  and  iron,  such  as  manganese  steels, 
spiegeleisen,  ferromanganese,  and  silico-spiegel,  will  be  described 
under  iron. 

Manganese  Amalgam  is  prepared  by  electrolysing  a  saturated 
solution  of  manganous  chloride,  mercury  being  used  as  the 
negative  pole.  When  the  pasty  mass  which  is  obtained  is 
strained  and  strongly  compressed,  it  yields  a  slate-coloured  mass 
of  specific  gravity  12'828,  which  has  the  composition  Hg^Mng 
(Prelinger). 

COMPOUNDS  OF  MANGANESE. 

Manganese  and  Oxygen. 

516  Manganese  forms  a  series  of  oxides,  of  which  the  follow- 
ing are  the  best  defined  : 

Manganese  monoxide,  MuO, 
Trimanganese  tetroxide,  MngO^, 
Manganese  sesquioxide,  MngOj, 
Manganese  dioxide,  MnOg, 
Manganese  trioxide,  MnO,, 
Manganese  heptoxide,  Mn^O^. 

The  first  of  these  is  a  powerful  basic  oxide,  whilst  the  sesqui- 
oxide is  feebly  basic,  giving  rise  to  an  unstable  series  of  salts, 
and  the  oxide,  MngO^,  behaves  in  many  respects  as  a  com- 
pound of  the  two.  The  dioxide  acts  as  a  weak  acidic  oxide, 
yielding  salts  known  as  the  manganites  with  strong  bases. 
Manganese  trioxide  and  the  heptoxide  are  well-marked  acid- 
forming  oxides.  The  manganates,  derived  from  manganic  acid, 
HgMnO^,  are  very  unstable,  and  as  already  mentioned  are  iso- 

'  Hogg,  Brit.  Assoc.  Reports,  1892,  671  :  Heusler,  Ber.  deiit.  physiM,  Oes,, 
1903,  5.  220, 
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morphous  with  the  sulphates  and  chromates.  Permanganic 
acid,  HMnO^,  is  a  strong  acid  and  yields  stable  salts,  which  are 
isomorphous  with  the  perchlorates.  The  substance  described  by 
Franke  as  the  tetroxide,  MnO^,  does  not  appear  to  exist 
(Thorpe  and  Hambly). 

Manganese  Monoxide,  or  Manganotis  Oxide,  MnO,  is  best 
prepared  by  fusing  together  a  mixture  of  equal  parts  of 
anhydrous  manganese  chloride  and  sodium  carbonate,  to  which 
some  ammonium  chloride  has  been  added,  and  lixiviating  the 
fused  mass  with  water.^  It  is  obtained  also  when  a  higher  oxide 
or  the  carbonate  is  ignited  in  a  current  of  hydrogen.  Manganous 
oxide  is  a  greyish-green  powder,  which  fuses  at  a  white  heat 
without  loss  of  oxygen.  It  has  a  specific  gravity  of  5 '09. 
When  the  powdered  oxide  is  heated  in  an  atmosphere  of 
hydrogen  containing  a  very  small  quantity  of  hydrogen  chloride 
it  is  obtained  crystallised  in  transparent  regular  octahedra  of 
an  emerald-green  colour  and  an  adamantine  lustre.^  It  has 
been  found  in  Sweden  as  the  crystalline  mineral  man- 
ganosite. 

Manganous  Hydroxide,  Mn(0H)2,  is  obtained  as  a  white  pre- 
cipitate when  caustic  alkali  is  added  to  the  solution  of  a 
manganese  salt.  As  it  oxidises  rapidly  in  the  air  and  assumes 
a  brown  colour,  forming  the  oxide  MugO^  and  finally  MngOg,  it 
must  be  precipitated  in  an  atmosphere  free  from  oxygen,  and 
dried  at  a  moderate  heat  in  a  current  of  hydrogen.  The 
powder  thus  obtained  is  frequently  pyrophoric,  and  when 
touched  with  a  piece  of  red-hot  charcoal  it  begins  to  glow  at 
the  point  of  contact,  the  oxidation  proceeding  rapidly  through- 
out the  mass.     It  occurs  in  Sweden  as  the  mineral  pyrochroite. 

When  ammonia  is  added  to  a  solution  of  a  manganous  salt 
containing  an  ammonium  salt,  no  immediate  precipitation 
occurs,  but  on  standing  a  precipitate  separates  out  which 
consists  of  manganous  hydroxide,  if  air  be  excluded,  but  of 
a  brown  hydrated  oxide  in  the  presence  of  air.  When 
manganous  hydroxide  is  treated  with  an  ammonium  salt  it 
dissolves  to  an  extent  which  is  directly  proportional  to  the 
concentration  of  ammonium  ions  in  the  solution,  and  it  seems 
probable  that  complex  ions  containing  ammonium  and  man- 
ganese are  formed.^ 

1  Liebig  and  Wohler,  Pogg.  Ann.,  1830,  21,  584. 

^  Deville,  Compt.  rend.,  1861,  5.3,  199. 

*  Herz,  Zeit.  anorg.  Chun.,  1899,  21,  24.3;  22,  270. 
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The  manganous  salts,  MnR'g,  are  usually  faintly  pink- 
coloured,  although,  according  to  some  chemists,  this  coloration 
is  due  to  the  presence  of  a  trace  of  a  manganic  compound. 
The  halogen  salts,  as  well  as  the  nitrate  and  sulphate,  are 
readily  soluble  in  water. 

Mangano-Manganic  Oxide,  Red  Oxide  of  Manganese,  or  Tri- 
manganese  Tetroxide,  MngO^,  occurs  with  other  manganese  ores, 
and  also  by  itself  as  the  mineral  hausmannite.     This  mineral 
crystallises  in  acute  tetragonal  pyramids,  and  one  of  its  best 
localities  is  Ilmenau  in  Thuringia.     Its  specific  gravity  is  4"85. 
If  manganese  monoxide  is  heated  in  contact  with  air,  or  if  the 
higher  oxides  are  strongly  heated  either  in  contact  or  out  of 
contact  with  air,  this  same  compound  is  obtained  in  the  form  of 
a  brownish-red  powder,  which  then  has  a  specific  gravity  of 
4'72,  and  is  converted  into  crystals  of  hausmannite  by  being 
gently    heated   in  a  slow  current  of   hydrogen  chloride.^      It 
is  obtained  in  the  crystalline  form  also  by  heating  a  mixture 
of  manganese  sulphate  and  potassium  sulphate  to  bright  red- 
ness,^ or  by  treating  a  mixture  of  manganous  oxide  and  calcium 
chloride  in  the  same  way.^     This  oxide  dissolves  in  cold  concen- 
trated sulphuric  acid,  giving  rise  to  a  red  solution  containing  a 
mixture  of  manganous  and  manganic  sulphates,  whilst  acetic 
acid  dissolves  one-third  of  the  manganese  as  manganous  acetate 
and  leaves  the   remainder   in    the    form    of  the    sesquioxide.* 
Hence  the  red  oxide  is  often  considered  to   be  a  compound 
having    the    formula   MnCMn^Og   or    2MnO,Mn02.     Thus   in 
many  respects  it  behaves  in  a  similar  way  to  the  red  oxide  of 
lead;   on   heating  with    dilute    sulphuric    acid,   for  example, 
manganous  sulphate  and  manganese  dioxide  are   formed,  and 
boiling  nitric  acid  decomposes  it  in  a  manner  similar  to  that  in 
which  it  acts  on  red  lead ; 

MngO,  +  4HNO3  =  2Mn(N03)2  +  MnO^  -|-  2H2O. 

Chlorine  gas  is  given  off  when  this  oxide    is   heated  with 
hydrochloric  acid,  and  manganous  chloride  is  formed  : 

MngO,  +  8HC1  =  SMnCIj  -f  4H2O  -|-  Cl^. 

Mixed  oxides  of  the  type   Mn,,Og,RO,  which  appear   to  be 

'  Beville,  Oompl.  rend.,  1861,  53,  199. 

'-  Debray,  Covipt.  rend.,  1861,  52,  985. 

'■>  Kuhlmann,  Oompt.  rend.,  1861,  52,  1283. 

"  Corgeu,  Bull.  Sor.  diim.,  1903,  [3],  29,  1111,  1167. 
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isomorphous  with  hausmannite  (Gorgeu),  have  been  prepared 
by  fusing  the  corresponding  sulphates  and  by  the  ignition  of 
the  metallic  manganites. 

Manganic  Oxide  or  Manganese  Sesquioxide,  Mn^Og. — This 
oxide  occurs  as  the  mineral  braunite  crystallised  in  obtuse  tetra- 
gonal pyramids.  It  possesses  a  sub-metallic  lustre,  has  a  dark 
brownish-black  colour,  and  a  specific  gravity  of  4i'75.  It  may 
be  obtained  artificially  by  igniting  any  of  the  oxides  of  man- 
ganese in  oxygen  or  in  a  mixture  of  this  gas  and  nitrogen 
which  does  not  contain  more  than  twenty-six  per  cent,  of 
oxygen.^  It  then  forms  a  black  powder,  having  a  specific 
gravity  of  4-32. 

Manganic  Hydroxide,  MnO(OH),  occurs  in  nature  as  manga- 
nite  in  steel-grey  or  arsenic-black  crystals,  belonging  to  the 
tetragonal  system, and  having  a  specificgravity  of  4'3.  It  is  usually 
accompanied  by  other  manganese  ores,  together  with  a  calc-spar 
and  heavy-spar.  In  general  appearance  it  closely  resembles 
pyrolusite  (manganese  dioxide),  but  it  may  be  distinguished  from 
this  compound  by  its  giving  a  brown  instead  of  a  black  streak 
when  rubbed  on  an  unglazed  porcelain  plate.  When  the  mineral 
is  heated  at  270-310°  in  the  air  it  is  converted  without  change 
of  form  into  the  dioxide.^  Manganic  hydroxide  is  formed  when 
manganous  hydroxide  is  allowed  to  oxidise  in  moist  air.  It  may 
be  prepared  also  by  passing  chlorine  into  water  in  which  an 
excess  of  manganese  carbonate  is  suspended,  or  by  decomposing 
the  corresponding  manganic  sulphate  with  water  (Carius).^  It 
forms  a  dark-brown  powder  capable  of  soiling  very  strongly  and 
gives  off  its  water  at  a  temperature  above  100°.  It  dissolves  in 
hot  nitric  acid  with  formation  of  manganous  nitrate  and  man- 
ganese dioxide : 

2MnO(OH)  -I-  2HNO3  =  Mn(N03)2  +  MnO^  +  2H2O. 

From  this  reaction  it  would  appear  that  in  constitution  this  body 
resembles  lead  sesquioxide  and  analogous  compounds,  having  the 
constitution  MnO,Mn02,  but  in  other  reactions  it  acts  as  a  feebly 
basic  oxide,  whose  salts  with  a  few  exceptions,  are  very  unstable. 
The  manganic  salts,  MnR'g  or  MngR^'g,  are  extremely  unstable 
and  are  strongly  coloured  substances.  Only  the  fluoride,  sulphate, 

^  Dittmar,  Journ.  Chem.  Soc,  1864,  294. 
-  Gorgeu,  Compt.  rem!.,  1888,  106,  UOl. 
'  Annaltn,  1856,  98,  53. 
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and  a  few  derivatives  of  phosphoric  acid  have  been  isolated. 
The  sulphate  can  replace  aluminium  sulphate  in  the  alums. 

Manganese  Dioxide  and  the  Manganites. 

517  Manganese  Dioxide,  Manganese  Peroxide,  or  Black  Oxide 
of  Manganese,  MnOg,  is  the  most  important  ore  of  manganese.  It 
occurs  in  rhombic  crystals  and  in  crystalline  and  amorphous 
masses,  being  known  to  the  mineralogist  as  pyrolusite.  It  pos- 
sesses a  metallic  lustre,  an  iron-black  or  dark  steel-grey  colour, 
and  a  black  streak.  It  is  opaque  and  rather  brittle,  and  has  a 
specific  gravity  of  4'82.  The  most  celebrated  localities  for  this 
mineral  are  Ilmenau  in  Thuringia,  near  Flatten  in  Bohemia,  near 
Mahrisch-Trubau  in  Moravia,  on  the  Lahn,  and  in  the  Caucasus, 
France,  Spain,  and  North  America.  It  occurs  in  the  United 
States,  abundantly  at  Vermont,  and  in  Red  Island  Bay  at  San 
Francisco ;  and  also  in  New  Brunswick  and  Nova  Scotia ;  large 
quantities  too  are  found  in  India.  It  is  likewise  found  in 
Devonshire.  Pyrolusite  seldom  occurs  in  the  pure  state,  being 
generally  mixed  with  other  manganese  ores  such  as  psilomelane, 
(Mn,Ba)0,2Mn02,  and  manganite.  It  almost  always  con- 
tains ferric  oxide,  silica,  lime,  carbonic  acid,  and  traces  of  the 
oxides  of  cobalt  and  nickel.  Pure  manganese  dioxide  is 
obtained  artificially  by  melting  about  600  grms.  of  the  crystal- 
lised nitrate  and  warming  until  red  fumes  appear ;  the  clear 
liquid  is  then  decanted  from  the  lower  oxides  which  first 
separate  out,  and  is  heated  in  another  vessel  at  150-160°  for 
40-60  hours.^  If  manganous  carbonate  is  heated  to  260°  in 
presence  of  air,  and  the  residue  is  then  treated  with  very  dilute 
cold  hydrochloric  acid,  pure  manganese  dioxide  remains  behind 
(Forchhammer). 

A  brown  precipitate  approximating  in  composition  to 
hydrated  manganese  dioxide  can  be  obtained  from  the  man- 
ganous salts  by  the  aid  of  a  large  number  of  oxidising  agents 
such  as  potassium  permanganate  (p.  1143),  sodium  hypochlorite, 
ammonia  and  bromine,  nitric  acid  and  sodium  chlorate, 
ammonium  persulphate  and  sulphuric  acid,^  and  ozone.^ 

It  appears  to  be  almost  impossible  to  prepare  perfectly  pure 
hydrated  manganese  peroxide,*  since  this  substance  very  readily 

1  Gorgeu,  Bull.  Soc.  chim.,  1890,  [3],  4,  16. 

2  Marshall,  Joum.  Chem.  Soc,  1891,  59,  771. 

■  .Tannasch  and  Gottschalk,  Ber.,  1904,  37,  3111. 
*  (iorgeu,  Compl.  rend.,  1890,  110,  1134. 
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loses  a  portion  of  its  oxygen,  forming  mixtures  of .  the  com- 
position xMnO  +  yMnOo,  and  moreover  readily  combines  with 
bases  forming  manganites.     Products  of  constant  composition 
appear   to   be   obtainable   only   from    solutions  acidified  with 
a  mineral  acid.^     Thus  the  oxide  formed  by  the  reduction  of 
permanganic  acid  by  manganese  sulphate,  and  by  the  decom- 
position of  permanganic   acid  in  presence  of  hydrated  man- 
ganese dioxide,  varies  in  composition  from  SMnOg  +  MnO  to 
ISMnOg  +  MnO.     On   the  other  hand,  the  oxide  precipitated 
from  manganous  sulphate  by  dilute  potassium  permanganate  at 
80°  in  presence  of  zinc  sulphate  contains  all  the  manganese  in 
the   form  of  dioxide,  but  combined  with  alkali.      The  oxide 
precipitated  from  manganese  nitrate  by  nitric  acid  and  sodium 
chlorate  contains  98  per  cent,  of  the  manganese  as  dioxide,^  and 
that  obtained  with  ammonium  persulphate  also  contains  less  than 
the  theoretical  amount  of  oxygen.*     A  similar  oxide  may  also 
be  prepared  by  treating  manganic  hydroxide  with  hot  nitric 
acid,*  or  by  adding  potassium  permanganate  to  sodium  thiosul- 
phate  solution.     The  hydroxide  thus  obtained,  after  washing 
with  water,  is  soluble  in  water,  yielding  a  brown  solution  to 
which  the  name  of  manganous   acid   has   been   given.     This 
solution  turns  blue  litmus  paper  red,  and  does  not  undergo 
alteration  on  standing  for  many  weeks,  but  small  quantities  of 
acid  or  alkali   produce  an   instant   precipitation.     Manganese 
dioxide,  like  lead  dioxide,  possesses  at  the  same  time  feebly  basic 
and  feebly  acid  properties. 

Manganese  dioxide  has  long  been  used  for  the  preparation 
of  colourless  glass,  and  hence  pyrolusite  has  been  known  as 
savon  des  verriers.  Its  mineralogical  name,  indeed,  has  refer- 
ence to  this  employment  of  the  mineral  (from  Trvp,  fire, 
and  \u6),  I  wash).  It  serves  also  for  the  preparation  of  the 
manganese  compounds  and  of  oxygen,  but  by  far  the  largest 
quantity  of  the  mineral  is  employed  for  making  chlorine,  used 
in  the  manufacture  of  bleaching  powder. 

The  Manganites. — Manganese  dioxide  combines  with  several 
basic  oxides  to  form  compounds  which  may  be  considered  as  salts 
of  manganous  acid.  The  composition  of  these  compounds  seems 
to  depend  on  the  amount  of  alkali  which  is  present.     A  large 

1  Rupp,  Zeit.  anal.  Chem.,  1903,  42,  732. 

2  Goooh  and  Austin,  Amer.  J.  Sci.,  1898,  [4],  6,  260. 
■'  von  Knorre,  Zeit.  angeio.  Chem.,  1901,  14,  1149. 

*  Gorgeu,  Ann.  Chim.  Phys.,  1862,  [3],  66,  155. 
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number  of  them  have  been  described.  Potassium  Manganite, 
KjMiigOu,  is  obtained  as  a  yellow  precipitate  when  carbon 
dioxide  is  passed  into  a  solution  of  potassium  manganate, 
KjMnO^.  Calcium  Manganite,  CaMnjOjj,  is  a  blackish-brown 
precipitate  formed  when  a  solution  of  manganous  nitrate  is 
poured  into  an  excess  of  bleaching  powder  solution. 

518  Regeneration  of  Manganese  Dioxide  from  the  Chlorine 
Residues. — Before  the  year  1856  the  whole  of  the  manganese 
chloride  obtained  in  the  manufacture  of  chlorine  from  manganese 
dioxide  and  hydrochloric  acid  was  allowed  to  run  to  waste.  In 
1821  Forchhammer^  observed  that  when  manganous  carbonate 
is  heated  to  260°  in  an  open  vessel  it  is  converted  into  dioxide. 
Charles  Dunlop  ^  applied  this  reaction  to  the  regeneration  of  man- 
ganese dioxide  from  the  chlorine  still  liquors,  the  manganous 
carbonate  being  prepared  by  heating  manganous  chloride  solution 
with  calcium  carbonate  under  pressure.  In  1857  this  process 
was  adopted  by  Messrs.  Charles  Tennant  and  Co.,  at  St.  RoUox, 
but  the  process  has  not  been  adopted  elsewhere. 

A  much  less  troublesome  process  was  invented  by  Walter 
Weldon,  in  1867,  and  first  practically  carried  out  at  Messrs. 
Gamble's  works  at  St.  Helens,  in  1868 ;  it  is  now  universally 
adopted  both  by  British  and  Continental  manufacturers. 

The  crude  manganese  chloride  solution  remaining  in  the  stills 
I  (Figs.  185-186),  which  are  fitted  for  using  native  manganese 
dioxide,  is  run  into  the  well  K  and  treated  with  limestone  dust, 
which  neutralises  the  residual  free  hydrochloric  acid,  precipitates 
the  sulphuric  acid  present  as  impurity  in  the  hydrochloric  acid 
in  the  form  of  calcium  sulphate,  and  then  precipitates  the  ferric 
chloride  as  ferric  hydroxide ;  the  muddy  liquor  is  thrown  by  the 
pump  L  into  the  settling  tanks  A,  from  which  the  clear  man- 
ganous chloride  solution  is  run  into  the  oxidiser  B,  while  the 
sediment  is  run  into  the  shute  H  and  so  to  the  drains.  In  the 
agitator  E  lime  is  slaked  to  form  a  thick  cream  which  is  run 
through  a  sieve  into  the  store  and  measuring  tank  F,  whence 
it  is  charged  as  required  by  the  pump  M  into  the  oxidiser  B. 

If  exactly  the  theoretical  amount  of  milk  of  lime  be  added 
according  to  the  equation : 

MnCl.,  +  Ca(0H)2  =  Mn(0H)2 + CaCl,, 
it  is  found  that  the  whole  of  the  manganese  is  not  precipitated 

'  Ann.  Phil.,  1808,  17,  50. 

=  Report  of  Patent  Inventions,  March,  18,56,  p.  236. 
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and  the  mixture  absorbs  oxygen  exceedingly  slowly,  only  half 
the  manganese  being  converted  into  dioxide ;  by  adding  ten 


o^  og 


per  cent,  more  lime  the  liquor  becomes  free  from  manganese, 
but  the  most  rapid  absorption  of  oxygen  and  the  most  readily 
settling  mud  are  obtained  only  by  employing  about  sixty  per 
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cent,  more  lime  (Weldon).  When  air  is  pumped  by  the  pipe  C 
through  this  mixture  at  55°  C,  the  alkalinity  decreases  and  dis- 
appears owing  to  the  formation  of  calcium  manganite,  CaO.MnOj, 
and  the  acid  manganite,  CaO,2Mn02,  whilst  a  portion  of  the 
manganous  oxide  is  converted  into  manganous  manganite, 
MnO,Mn02:  ' 

100MnO  +  60CaO+86O  =  12(CaO,2MnO2)  +  48(CaO,MnO,)  + 
14(MnO,Mn02), 

at  about  which  stage  the  oxidation  practically  ceases.  An 
additional  quantity  of  the  manganous  chloride  is  next  added, 
which  instantly  reacts  with  the  CaO,Mn02,  thus  : 

48(CaO,Mn02)  +  24MnCl2  =  24(CaO,2Mn02)  + 
24MnO  +  24CaCl2, 

and  the  blowing  being  continued,  the  manganous  oxide  is 
oxidised  to  manganous  manganite  : 

24MnO  +  120  =  1 2(MnO,Mn02). 

Thus  the  effect  of  the  whole  operation  may  be  summarised  by 
the  equation : 

124MnCl2  +  leOCaO  +  980  =  36(CaO,2Mn02)  + 
26(Mn0,Mn02)  +  124CaCl2. 

The  resulting  thin  mud  is  run  from  the  bottom  of  the 
oxidising  tower  by  the  pipe  shown  in  the  figures  into  one  of  the 
four  settling  tanks  G,  from  which  the  clear  calcium  chloride 
liquor  is  drawn  off  by  the  swivel  pipe  H  into  the  trough  H 
(Fig.  186),  and  thence  to  the  drains. 

When  the  plant  is  stocked  with  manganous  chloride  solution 
and  Weldon  mud  the  treatment  of  native  ore  is  suspended  and 
the  chlorine  made  entirely  from  the  mud,  and  as  this,  unlike  the 
native  ores,  contains  no  iron  which  requires  to  be  eliminated  by 
precipitation  with  limestone  dust,  it  now  becomes  possible  to 
avoid  the  use  of  the  latter  and  to  utilise  the  excess  of  acid 
which  is  invariably  left  in  the  chlorine  still,  even  when  the 
artificial  mud  is  used.  But  as  crude  hydrochloric  acid  always 
contains  sulphuric  acid,  which  was  eliminated  as  calcium 
sulphate  in  the  mud  run  off  from  the  settling  tanks  A  in  the 
process  so  far  described,  it  is  necessary  to  provide  a  new  outlet 
for  this  impurity,  and  this  is  done  by  treating  the  hydrochloric 
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acid  with  a  portion  of  the  waste  calcium  chloride  liquor,  the 
calcium  sulphate  formed  being  separated  by  a  sand  filter.  The 
purified  acid  is  then  used  to  generate  chlorine  in  the  stone 
stills  I,  with  thick  manganese  mud  run  from  the  settlers  G  by 


the  pipe  N.  When  no  more  chlorine  is  evolved  the  residual 
liquor  is  treated  with  an  excess  of  mud  more  than  enough  to 
neutralise  all  the  residual  free  acid,  amounting  to  about  O'T  per 
cent,  on  the  liquor ;  the  mixture  is  then  allowed  to  settle,  and 
the  much  richer  manganese  mud  settling  out  forms   part  of 
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the    next   batch    to  be   treated  with  acid,  the  reaction   being 
approximately  : 

36(CaO,2Mn02)  +  18HC1  =  ISMnO^  +  27(CaO,2Mii02)  + 
gCaCla  +  OH^O. 

The  Weldon  operation  thus  converts  124MnCl2  into 
98Mn02  +  26MnO  ;  the  equations  given  above  are  intended  to 
express  the  average  results  obtained.^ 

Manganese    Trioxide   and    Heptoxide,    Manganic   Acid, 
Permanganic  Acid,  and  their  Salts. 

519  In  his  work  entitled  The  Prosperity  of  Germany,'''  pub- 
lished in  1656,  Glauber  mentions  that  when  manganese  is  fused 
with  iixed  saltpetre  (caustic  potash)  a  mass  is  produced  from 
which  he  obtained  "  a  most  dainty  purple  fiery  liquor,"  this 
afterwards  turning  blue,  red,  and  green.  In  1705  an  anonymous 
treatise  appeared,  entitled  Key  to  the  Secret  Cabinet  of  Nature' & 
Treasury  ;  in  this  it  is  stated  that  the  product  obtained  by  fusing 
saltpetre  and  manganese  yields  a  solution  of  which  the  colour 
alters,  first  being  grass-green,  then  sky-blue,  violet-coloured,  and 
lastly  rose-red.  The  changes  of  colour  which  are  here  given  are 
exactly  the  opposite  of  those  which  Glauber  noticed.  Pott  in 
1740  described  these  changes,  believing  that  they  had  not  been 
previously  noticed,  and  Scheele,  who  endeavoured  to  explain  these 
phenomena,  gave  to  the  colouring  material  the  name  of  mineral 
chameleon,  a  term  which  had  previously  been  applied  to  other 
mineral  colouring  matters  capable  of  undergoing  changes  of 
tint.  The  properties  of  this  mineral  chameleon  were  afterwards 
investigated  by  many  chemists,  but  it  was  not  until  the  year 
1817,  when  Chevillot  and  Edwards ^  investigated  the  subject,  that 
a  rational  view  of  its  composition  was  arrived  at.  They  showed 
that  when  much  alkali  is  employed  a  green  compound  is  formed; 
that  when,  on  the  other  hand,  an  excess  of  manganese  is  fused 
with  potash  a  red  body  is  produced,  and  they  succeeded  in 
preparing  the  substance  obtained  by  the  latter  reaction  in  the 
crystalline  form.  They  also  showed  that  an  absorption  of 
oxygen  takes  place,  and  consequently  they  assumed  that  the 
potash  salt  forms  with  a  manganate  manganese,  and  that  the 

1  A  detailed  description  is  to  be  found  in   Lunge's  Sulphuric  Acid  and 
Alkali  Manufacture,  Vol.  3. 
^  Packe's  translation,  1687,  p.  353. 
'  Ann.  Chim.  Phys.,  1817,  [2],  4,  287. 
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green  salt  contains  more  base  than  the  red.  Forchhammer^ 
investigated  the  subject  in  1820,  and  ascribed  the  difference  in 
colour  to  the  existence  of  two  distinct  acids.  It  is,  however,  to 
Mitscherlich  ^  that  we  owe  a  knowledge  of  the  exact  composition 
of  these  two  acids. 

Mangariese  Trioxide,  MnOg,  is  a  deliquescent  amorphous 
reddish  mass,  prepared  by  dropping  a  solution  of  potassium 
permanganate  in  concentrated  sulphuric  acid  on  to  dry  sodium 
carbonate :  ^ 

2(Mn03)2SO,  +  2Na,C03  =  SNa^SO,  +  4Mn03  +  2C0,  +  0„. 

It  is  formed  only  in  extremely  small  quantity,  and  is  carried 
forward  by  the  carbon  dioxide  as  a  pink  fume,  which  may  be 
caught  on  fragments  of  glass  placed  in  a  freezing  mixture. 

When  thrown  into  water  it  is  decomposed  as  follows  (Thorpe 
and  Hambly)  :  * 

SMnOg  +  H2O  =  2HMn04  +  MnO^. 

The  manganates  have  a  green  colour,  and  their  solution*  are 
stable  only  when  they  contain  large  quantities  of  free  alkali. 
If  carbon  dioxide  is  passed  through  them,  or  if  they  are  diluted 
with  much  water,  or  made  slightly  acid,  the  liquid  passes  from 
a  green  to  a  blue  and  violet  colour,  the  permanganate  being 
formed,  and  the  dioxide  deposited  : 

SKjMnO,  +  2H,0  =  2KMnO,  +  MnO^  +  4K0H. 

The  manganates  are  also  converted  by  direct  oxidation  into 
permanganates  when  they  are  dissolved  in  a  large  quantity  of 
water  containing  dissolved  oxygen. 

Manganates  are  produced  by  the  partial  reduction  of  perman- 
ganates in  alkaline  solution,  and  this  change  occurs  when  small 
amounts  of  reducing  agents  such  as  alcohol  and  sodium  thiosul- 
phate  are  added  to  the  red  alkaline  liquid.  The  latter  also 
gradually  turns  blue  and  afterwards  green  simply  on  exposure 
to  air,  this  being  caused  by  the  reducing  action  of  the  organic 
matter  contained  in  the  atmosphere.  These  reactions  explain 
the  changes  of  colour  of  the  mineral  chameleon.  In  alkaline 
solution  the  manganates  act  as  powerful  oxidising  agents, 

1  Ann.  Phil.,  1807,  16,  130  ;  1808,  17,  150. 
■^  Pogg.  Ann.,  1832,  25,  287. 
"  Franke,  J.  pr.  Chem.,  1887,  [2],  6,  893. 
4  Jotmi.  Chem.  Soc,  1888,  53,  17  5. 
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Fotassium  Manganate,  KgMnO^,  is  formed  when  manganese 
dioxide  is  fused  together  with  caustic  potash.  If  the  fusion 
takes  place  in  the  absence  of  air,  the  following  reaction 
occurs : 

SMnOg  +  2K0H  =  K^MnO,  +  MnjO,,  +  H^O. 

In  the  presence  of  air,  or  on  the  addition  of  nitre  or 
potassium  chlorate,  a  larger  quantity  of  the  product  is 
obtained  : 

2K0H  +  MnO^  +  0  =  K^MnO,  +  TS.^0. 

The  deep-green  coloured  mass  dissolves  in  a  small  quantity  of 
water,  forming  a  dark-green  solution,  from  which,  on  evapora- 
tion in  a  vacuum,  the  salt  separates  out  in  small  crystals 
isomorphous  with  those  of  potassium  sulphate. 

It  may  be  prepared  also  by  boiling  a  saturated  solution  of 
potassium  permanganate  with  caustic  potash  solution  of  specific 
gravity  1-33  (Aschoff). 

Sodium  Manganate,  NajMnO^,  is  formed  when  a  mixture  of 
equal  parts  of  manganese  dioxide  and  caustic  soda  is  heated  for 
sixteen  hours ;  the  mass  is  then  lixiviated  with  a  small  quantity 
of  water  and  the  solution  cooled  down,  when  the  salt  separates 
out  in  small  crystals  isomorphous  with  Glauber's  salt,  and  having 
the  composition  NagMnO^.lOHjO.  These  dissolve  in  water 
with  partial  decomposition,  yielding  a  green  solution.  Sodium 
manganate  is  now  used  largely  as  a  deodoriser. 

Barium  Manganate,  BaMnO^,  is  formed  when  manganese 
dioxide  is  heated  with  baryta  or  barium  carbonate  or  nitrate,  or 
when  barium  permanganate  is  heated  with  baryta  water.  It  is 
an  emerald-green  powder,  consisting  of  microscopic  four-sided 
prisms  or  six-sided  plates.  It  has  a  specific  gravity  of  4-85,  and 
is  insoluble  in  water,  but  is  readily  decomposed  by  acids.  The 
employment  of  this  salt  in  place  of  the  poisonous  Scheele's  green 
has  been  suggested,^  and  it  has  been  employed  in  a  few 
instances,  though  not  so  generally  as  might  be  wished. 

520  Manganese  ffeptoxide,  MngOy,  and  Permanganic  Acid, 
HMnO^. — The  first  of  these  compounds,  also  termed  perman- 
ganic anhydride,  was  noticed  by  Chevillot,  and  afterwards 
investigated  by  Thenard,^  AschofTf,^  and  Terreil*     In  order  to 

1  Schad   Deutsch.  Industriezeit.,  1865,  118;  Rosenstiehl,  Dingl.  Polyl.  Joim., 
1865,  177,  409.  I 

"-  Gompt.  rend.,  1856,  42,  389.  •>  Pogg.  Ann.,  1860,  111,  217. 

■*  Bnll.  Soc.  chim.,  1862,  40. 
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prepare  this  compound,  pure  potassium  permanganate  free  from 
chlorine  is  gradually  added  to  well-cooled  highly  concentrated 
sulphuric  acid.  The  salt  dissolves  with  an  olive-green  colour, 
and  if  the  solution  be  cooled,  and  water  carefully  added,  the 
heptoxide  separates  as  a  dark  reddish-brown  liquid  ^  which  does 
not  solidify  at  —20°.  It  is  extremely  unstable,  constantly  evolv- 
ing bubbles  of  oxygen  on  exposure  to  the  air.  These  carry  with 
them  a  small  quantity  of  the  heptoxide,  and  thus  violet  fumes 
are  emitted.  It  rapidly  absorbs  moisture,  and  dissolves  in  water, 
yielding  a  deep  violet-coloured  solution,  so  much  heat  being 
thereby  evolved  that  the  liquid  undergoes  partial  decomposition. 
It  dissolves  in  concentrated  sulphuric  acid  with  an  olive-green 
colour.  On  heating,  it  decomposes,  with  evolution  of  light  and 
heat,  and  with  violent  explosion.  The  green  (solution  contains 
the  sulphate  (Mn03)2SO^ : 

2KMnO,  -I-  2H2SO^  =  (Mn03)2SO,  4-  K^SO^ + 2H2O, 
and  this  on  addition  of  water  yields  the  heptoxide  : 
(Mn03)2SO^ + H,0  =  Mn^Oy  +  H^SO,. 

Permanganic  Acid,  HMnO^,  is  obtained  in  aqueous  solu- 
tion by  adding  the  requisite  quantity  of  dilute  sulphuric  acid  to 
the  barium  salt  or  by  electrolysing  the  potassium  salt  in  a  special 
form  of  apparatus  and  removing  the  alkali  from  the  cathode 
compartment.^  A  deep  red  liquid  is  thus  obtained,  which  ex- 
hibits a  blue  colour  by  reflected  light,  and  possesses  a  bitter 
metallic  taste.  It  decomposes  on  exposure  to  light  or  when 
heated  gently,  and  still  more  rapidly  when  boiled,  with  evolution 
of  oxygen  and  separation  of  the  hydrated  dioxide.  It  acts  as 
a  most  powerful  oxidising  agent. 

Permanganic  acid  is  formed  also  when  manganese  nitrate  or 
any  manganous  salt,  with  the  exception  of  the  halide  compounds, 
is  warmed  with  nitric  acid  and  lead  dioxide,  with  potassium 
bromate  and  dilute  sulphuric  acid,^  with  the  higher  oxides  of 
bismuth  and  nitric  acid,*  or  with  ammonium  persulphate,  silver 
nitrate  and  nitric  acid.''' 

A  weak  solution  of  permanganic  acid  continually  evolves 
oxygen  at  a  very  slow  rate,  manganese  dioxide  being  deposited, 

1  Franke,  J.pr.  Chem.,  1885,  [2],  31,  166. 

2  Morse  and  Olsen,  Amer.  Chem.  J.,  1900,  23,  431. 
'  Vitali,  Boll.  Chim.  Farm.,  1898,  37,  545. 

*  Schneider,  Dingl.  Polyt.  Joum.,  1888,  269,  224. 
5  Marshall,  Chem.  News,  1901,  83,  76. 
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and  the  rate  of  decomposition  is  greatly  increased  by  the 
presence  of  hydrated  manganese  dioxide.^  When  such  a  solu- 
tion is  shaken  with  hydrogen  or  carbonic  oxide,  the  gas  is  rapidly 
absorbed  and  a  considerable  volume  of  oxygen  evolved  (Victor 
Meyer  and  Recklinghausen).^  It  has  been  suggested  that  this 
is  due  to  the  fact  that  the  hydrated  manganese  dioxide  simul- 
taneously formed  is  at  first  present  in  a  specially  active  con- 
dition and  thus  greatly  increases  the  normal  decomposition  of 
the  permanganic  acid  (Morse  and  Reese). 

Permanganic  acid  has  been  obtained  in  the  form  of  violet- 
black  crystals,  by  evaporating  the  solution  obtained  by  the 
action  of  barium  permanganate  and  sulphuric  acid.  It  decom- 
poses very  rapidly.* 

Potassium  Permanganate,  KMnO^,  is  prepared  on  the  large 
scale  by  a  process  which  will  be  described  further  on.  For 
laboratory  purposes  it  is  best  obtained  according  to  the  process 
given  by  Gregory.  This  consists  in  dissolving  ten  parts  of 
caustic  potash  in  the  smallest  quantity  of  water,  then  adding  to 
this  a  mixture  of  seven  parts  of  potassium  chlorate  and  eight 
parts  of  manganese  dioxide,  evaporating  the  whole  to  dryness, 
and  heating  the  residue  until  the  potassium  chlorate  is  completely 
decomposed.  The  dark-green  mass  is  then  lixiviated  with  boiling 
water,  the  solution  allowed  to  deposit,  and  the  liquid  filtered 
through  asbestos  or  gun-cotton.  The  clear  solution  deposits 
the  crystals  on  standing.  It  is  also  formed  when  a  solution  of 
caustic  potash  is  electrolysed  with  an  anode  consisting  of  ferro- 
manganese  or  manganese.* 

Potassium  permanganate  is  isomorphous  with  potassium  per- 
chlorate,  with  which  it  crystallises  in  all  proportions.  The 
crystals  are  almost  black,  and  when  freshly  prepared  possess  a 
green  metallic  lustre,  which,  however,  on  exposure  to  the  air 
becomes  of  a  steel-blue  tint  without  any  further  alteration  in 
the  salt  taking  place.  The  crystals  have  a  specific  gravity  of 
2-7,  and  yield  a  red  powder.  100  parts  of  water  dissolve^  5-3] 
parts  of  the  salt  at  15°,  25-03  parts  at  100°,  forming  a  deep 

'  Morse,  Hopkins  and  Walker,  Amer.  Chem.  J.,  1896,  18,  401  ;  Morse, 
2ia-.,  1897,  30,  48  ;  Morse  and  Reese,  Amer.  Chem.  ./.,  1898,  20,  521 ;  Morse 
and  Byers,  ibid.,  1900,  23,  313  ;  Olsen,  ibid.,  1903,  29,  242. 

2  Ber.,  1896,  29,  2549 ;  Hirtz  and  Meyer,  ibid.,  2828. 

■  Muir,  Journ.  Chem.  Soc,  1907,  91,  1485. 

"  White,  J.  Physical  Chem.,  1906,  10,  502. 

"  Baxter,  Boylston,  and  Hubbard,  J.  Amer.  Chem.  Soc,  1906,  28,  1336; 
Patterson,  ibid.,  1734. 
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purple-coloured  solution.     On  heating  to  240°  they  decompose 
as  follows : 

2KMnO,  =  KjMnO, + MnO^  +  O,. 

Jones  ^  has  shown  that  hydrogen  and  phosphine  decompose 
potassium  permanganate,  and  that  oxygen  is  evolved  together 
with  carbon  dioxide  when  sulphuric  acid  acts  on  permangan- 
ate in  presence  of  oxalic  acid. . 

Mixed  with  sulphur  or  phosphorus,  a  material  is  obtained 
which  takes  fire  or  explodes  violently  on  percussion,  and  a 
mixture  of  the  salt  with  charcoal  burns  like  tinder. 

Potassium  permanganate  is  largely  used  as  an  oxidising  agent, 
both  in  analytical  work  and  for  the  preparation  of  many  organic 
oxidation  products.  In  alkaline  solution  it  is  first  converted 
into  manganate,  which  afterwards  loses  a  further  amount  of 
oxygen  and  yields  the  hydrated  dioxide,  three  atoms  of  the 
oxygen  contained  in  two  molecules  of  the  salt  being  employed 
in  the  oxidation : 

(1)  2KMnO,-|-2KHO  =  2K2MnO,-FH20-|-0, 

(2)  2K2MnO,  +  2H20  =  2Mn02-l-4KHO  +  20. 

It  is  in  this  way,  for  example,  that  potassium  permanganate 
acts  when  it  is  brought  into  contact  with  a  hot  solution  of  a 
manganous  salt,  the  whole  of  the  manganese  being  precipitated 
as  dioxide  (Volhard) ;  three-fifths  of  this  is  therefore  formed  by 
the  oxidation  of  the  manganese  salt  added  and  the  remaining 
two-fifths  by  the  reduction  of  the  permanganate : 

SMnSO,  4-  2KMnO,  -1-  2H2O  =  5Mn02  -t-  K^SO,  -|-  2H2SO,. 

In  acid  solution  the  manganese  of  the  permanganate  is  finally 
converted  into  a  salt  corresponding  to  the  monoxide,  MnO,  five 
atoms  of  oxygen  being  rendered  available  : 

2KMnO,  -f-  SHgSO,  =  K^SO, + 2MnS04  +  2B.fi +  50. 

Thus  the  action  of  acid  potassium  permanganate  solution  xm 
ferrous  sulphate,  in  presence  of  sulphuric  acid,  is  represented  as 
follows : 

2KMnO, + 10FeSO,-F  8H.2SO,  =  K^SO,  +  2MnS0,  +  5Fe,{80^\ 

-fSHp. 

1  Journ.  Ohem.  Soc,  187S,  33,  95. 
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The  acid  solution  of  potassium  permanganate  is  reduced  by 
hydrogen  peroxide  with  evohition  of  oxygen,^  half  of  which  is 
due  to  the  reduction  of  the  peroxide,  half  to  that  of  the  per- 
manganate : 

2KMnO,  +  5H2O2  +  3H2SO,  =  K2SO,  +  2MnS0^  +  SH^O  +  SO^. 

Sodium  Permanganate,  NaMnO^,  is  obtained  in  a  similar  way 
to  the  potassium  salt,  and  is  distinguished  from  it  by  being 
deliquescent,  and  therefore  crystallising  with  difficulty. 

Ammonium,  Permanganate,  NH^MnO^,  is  obtained  by  the 
decomposition  of  the  potassium  salt  with  ammonium  chloride. 
It  is  isomorphous  with  potassium  permanganate,  and  decomposes 
readily  when  gently  heated,^  forming  ammonium  nitrate,  oxides 
of  nitrogen,  and  an  oxide  of  manganese  of  the  composition 
22Mn02,MnO.  It  explodes  when  rapidly  heated,  or  when 
subjected  to  percussion. 

Pao'ium  Permanganate,  Ba(MnO^)2,  forms  hard,  almost  black 
prisms,  soluble  in  water.  It  is  obtained  by  passing  a  current  of 
carbon  dioxide  through  water  containing  barium  manganate  in 
suspension,^  or  by  the  action  of  barium  chloride  on  silver  per- 
manganate. 

Silver  Pe7-manga7iate,  AgMnO^,  separates  out  in  large  regular 
crystals  when  warm  solutions  of  silver  nitrate  and  potassium 
permanganate  are  mixed.  It  dissolves  in  1 90  parts  of  water  at 
16°,  and  is  much  more  soluble  in  warm  water.  The  solution 
decomposes  on  boiling. 

Gondys  Disinfecting  Liquid. — Potassium  permanganate  has 
been  employed  for  a  long  time  in  the  laboratory  as  a  power- 
ful oxidising  agent,  and  is  largely  used  in  volumetric  analysis. 
Hofmann  was  the  first,,in  the  year  1859,  to  show  that  this  salt 
together  with  the  other  manganates  and  permanganates  acts  as 
a  valuable  disinfecting  agent,*  and  its  application  for  this  pur- 
pose has  become  now  so  general  that  these  compounds,  which  at 
that  time  were  only  found  in  the  laboratory,  are  now  made 
in  thousands  of  tons.  Owing  to  the  ease  with  which  it  is 
reduced  by  organic  matter,  the  permanganate  should  always  be 
added  to  the  material  to  be  disinfected  in  such  quantity  that  a 
permanent  green  or  red  coloration  remains.     For  disinfecting 

'  On  the  nature  of  this  reaction  see  Baeyer  and  Villiger,  Ber.,  1900,  33, 
2488,  where  the  literature  is  quoted ;  Bach,  Ber.,  1901,  34,  3851. 
''  Christensen,  Zeit.  anorg.  Ghem.,  1900,  24,  203. 
''  Bottger,  /.  pr.-Chem.,  1863,  90,  156. 
*  See  Kronig  and  Paul,  Zeit.  Hygiene,  1897,  35,  73. 


MANGANOUS  FLUORIDE  1145 

purposes  it  is  not  necessary  to  employ  the  pure,  well-crystallised 
salt  which  is  used  in  the  laboratory,  so  a  commercial  article 
consisting  of  a  mixture,  more  or  less  pure,  of  manganate  and 
permanganate  of  sodium  is  used.  This  substance  is  obtained 
by  mixing  the  caustic  soda  obtained  from  1,500  kilos,  of  soda- 
ash  with  350  kilos,  of  finely  divided  manganese  dioxide  in  a 
flat  vessel,  and  heating  this  mixture  for  forty-eight  hours  to 
dull  redness.  The  product,  containing  about  26  per  cent,  of 
pure  manganate,  is  either  used  in  that  form,  or  lixiviated  with 
water,  and  the  solution  either  boiled  down  to  the  requisite 
degree  of  strength  or  evaporated  to  dryness.  If  the  manganate 
is  to  be  completely  converted  into  permanganate  it  is  neutral- 
ised with  sulphuric  acid,  and  the  solution  concentrated  until 
Glauber's  salt  separates  out ;  these  crystals  are  then  removed 
and  the  liquid  further  evaporated.^ 

Manganese  and  the   Halogens. 

521  Manganous  Fluoride,  MnF^,  is  obtained  by  dissolving 
metallic  manganese  or  the  carbonate  in  hydrofluoric  acid,  the 
compound  being  deposited  as  a  white  crystalline  powder  when 
the  solution  is  boiled.  It  is  formed  also  as  a  rose-coloured 
mass  by  the  action  of  gaseous  hydrogen  fluoride  on  manganese. 
It  is  insoluble  in  water  but  may  be  recrystallised  from  fused 
manganese  chloride  and  then  forms  rose-coloured  prisms  of  sp. 
gr.  3-98,  melting  at  856°.  It  dissolves  in  strong  acids,  yields 
an  oxyfluoride  when  boiled  with  water,  and  is  completely 
reduced  by  hydrogen  at  1000°.- 

Manganic  Fluoride,  MnFg,  is  obtained  by  the  action  of  fluorine 
on  manganous  iodide  in  purple  pseudomorphs  of  sp.  gr.  3-54. 
It  decomposes,  when  heated,  into  manganous  fluoride  and 
fluorine,  dissolves  in  strong  acids,  forming  unstable  dark  brown 
solutions,  and  is  decomposed  by  water.^  A  hydrated  trifluoride, 
MnF3,3H20,  is  obtained  in  ruby-red  crystals  by  dissolving  the 
sesqui-  or  the  di-oxide  in  hydrofluoric  acid,  and  readily  forms 
compounds  with  the  alkali  fluorides.* 

Potassium  Manga.nifluoride,  KgMnFe,  is  obtained  by  decom- 
posing potassium    manganate  with  water   and  dissolving  the 

1  Hofmann,  Report  Exhib.,  1862,  109. 

2  Moissan  and  Venturi,  Compt.  rend.,  1900,  130,  1158. 
■>  Moissan,  Compt.  rend.,  1900,  130,  622. 

*  Christensen,  /.  pr.  Chem.,  1887,  [2],  35,  57,  161,  541. 
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resulting  potassium  manganite  in  a  mixture  of  hydrofluoric 
acid  and  potassium  fluoride.  It  forms  small  golden  yellow 
hexagonal  tablets  and  is  decomposed  by  water,  but  may  be 
recrystallised  from  hydrofluoric  acid.  It  yields  a  dark  brown- 
coloured  solution  in  hydrochloric  acid  which  evolves  chlorine 
when  gently  heated.  A  rubidmm  salt  of  similar  properties  has 
also  been  obtained.^ 

Manganous  Chloride,  MnClj,  is  formed  when  the  metal  is 
burned  in  chlorine  gas,  or  when  hydrogen  chloride  is  passed  over 
heated  manganous  carbonate.  Prepared  in  this  way  manganese 
chloride  is  a  pale  rose-coloured  mass,  having  a  lamino-crystalline 
structure.  When  heated  to  redness  it  fuses  to  an  oily  liquid, 
and  decomposes  in  moist  air  at  this  temperature  with  formation 
of  hydrochloric  acid  and  the  oxides  of  manganese.  Manganous 
chloride  is  obtained  in  solution  by  dissolving  the  carbonate  or  any 
of  the  oxides  in  hydrochloric  acid.  For  this  purpose  the  residues 
from  the  preparation  of  chlorine  by  means  of  pyrolusite 
and  hydrochloric  acid  may  be  utilised.  These  are  always 
coloured  yellow,  from  the  presence  of  ferric  chloride,  and 
contain  an  excess  of  acid.  They  must  be  evaporated  to  drive 
off  the  acid,  then  diluted  with  water,  and  a  tenth  of  the  solu- 
tion precipitated  with  sodium  carbonate.  The  precipitate, 
consisting  of  manganese  carbonate  and  ferric  hydroxide,  is 
then  well  washed  with  hot  water  and  boiled  with  the  remainder 
of  the  liquid.  By  this  means  the  whole  of  the  iron  is  pre- 
cipitated as  ferric  oxide,  and  in  order  to  ascertain  that  the 
precipitation  of  the  iron  is  complete,  a  small  portion  of  the 
liquid  is  filtered  off  and  a  drop  or  two  of  ferrocyanide  of 
potassium  added ;  if  free  from  iron  only  a  white  precipitate  will 
be  formed ;  if,  however,  the  precipitate  has  a  bluish  colour,  iron 
is  still  contained  in  solution,  and  the  liquid  requires  to  be  boiled 
for  a  long  time  with  manganese  carbonate.  The  filtrate  may 
contain  copper,  barium,  and  calcium.  The  first  of  these  metals 
is  removed  by  passing  a  current  of  sulphuretted  hydrogen 
through  the  liquid.  If  the  last  two  metals  are  present  the 
manganese  is  best  precipitated  by  ammonium  sulphide,  the 
precipitate  well  washed  with  hot  water,  and  then  dissolved  in 
hydrochloric  acid.  On  evaporation,  the  concentrated  solution 
deposits  between  15°  and  20°  light  pink-coloured  monoclinic 
crystals  of  the  hydrated  chloride  MnC1.2,4H20.  This  hydrate  is 
transformed  at  57-85°  into  the  hydrate  MnCl2,2H20,  which  is 

1  Weinland  and  Lauenstein,  Zeit.  auory.  Ghem.,  1899,  20,  40. 
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stable  up  to  198°  and  then  passes  into  the  anhydrous  salt. 
Below  -  2°  the  hydrate  MnCla.GHjO  is  formed.^  In  addition  to 
these  an  isomeric  jS-tetrahydrate  is  known  (Marignac)  ^  which 
also  forms  monoclinic  crystals,  but  of  a  different  form  from 
the  ordinary  tetrahydrate,  being  isomorphous  with  those  of 
hydrated  ferrous  chloride,  FeCl2,4H20.  The  dihydrate  may  be 
prepared  by  heating  the  tetrahydrate  for  some  time  at  60°  or 
passing  hydrogen  chloride  into  an  alcoholic  solution  of  the 
chloride.     One  hundred  parts  of  water  dissolve  : 


At 

8° 

•25° 

30° 

57-85° 

80° 

100° 

MnCl, 

6-2 

77-2 

80-7 

105-7 

112-7 

116. 

This  salt  is  also  soluble  in  alcohol,  forming  a  green  solution 
which  burns  on  ignition  with  a  red  flame.  Manganese  chloride 
forms  double  salts  with  the  chlorides  of  the  alkali  metals  and 
with  some  other  chlorides. 

Manganese  Trichloride,  MnClg,  and  Manganese  Tetrachloride, 
MnCl^,  have  only  recently  been  obtained  in  the  solid 
state.  When  either  of  the  oxides,  MugO^,  MugOg,  or 
MnOj,  is  added  to  cold  concentrated  hydrochloric  acid, 
a  dark  brown  solution  is  formed,  chlorine  being  simul- 
taneously produced  when  the  dioxide  is  employed.  This 
solution  appears  to  contain  the  trichloride,^  and  yields 
double  salts  of  the  type  MnCl3,2B,Cl,  with  the  chlorides  of 
potassium  and  ammonium.*  The  addition  of  water  to  the 
solution  precipitates  a  mixture  of  hydrated  oxides  (Pickering).^ 
When  the  dark  brown  solution  is  heated,  chlorine  is  evolved  and 
manganous  chloride  remains  : 

2MnCl3  =  2MnCl2+CU. 

When  manganese  dioxide  is  treated  with  ether  saturated  with 
hydrochloric  acid,  a  deep  green  solution  is  obtained,  which  was 
considered  by  Nickles "  to  contain  the  tetrachloride,  MnCl^,  and 
by  Franke  '  to  contain  the  compound  MnCl2,MnCl4. 

1  Kuznetzoff,  J.  Bass.  Phys.  Ghem.  Soc,  1898,  30,  741  ;  Dawson  and 
Williams,  Zeit.  physikal.  Ohem.,  1899,  31,  59.  See  also  Richards  and  Briggs, 
ibid.,  1898,  28,  313. 

2  Gompt.  rend.,  1857,  45,  650. 

3  Pickering,  Journ.  Ghem.  Soc,  1879,  35,  654. 

■»  Neumann,  JfonateA.,  1894,  15,  489;  Rice,  Jourii.  Ghem.  Soc,  1898,73,258. 
*  See  also  Fisher,  Journ.   Ghem.  Soc,  1878,  33,  409;  Christensen,  J.  jn: 
Ghem.,  1887,  [2],  35,  57.  161,  541. 
«  Ann.  Ghim.  Phys.,  1865,  \i\.  5,  169  ;  1867,  [4],  10,  318. 
»■  J.  pr.  Ghem.,  1888,  [-2],  36,  31,  453. 
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It  is,  however,  probable  that  this  green  liquid  contains  the 
trichloride  and  not  the  tetrachloride,  since  it  yields  double  salts 
with  the  hydrochlorides  of  pyridine  and  quinoline  of  the  type 
MnCl3,2RHCl,  and  almost  the  whole  of  the  manganese  in  the 
solution  can  be  precipitated  in  this  form.  Similar  but  more 
concentrated  green  solutions  can  be  prepared  by  the  action  of 
alcoholic  hydrochloric  acid  on  manganese  dioxide  or  potassium 
permanganate.^ 

When  dry  hydrogen  chloride  is  passed  into  carbon  tetra- 
chloride in  which  manganese  dioxide  is  suspended,  a  solid 
product  is  obtained  which  consists  of  manganese  trichloride 
and  tetrachloride.  On  treating  this  with  anhydrous  ether,  the 
trichloride  dissolves,  forming  a  deep  violet-coloured  solution. 
A  reddish-brown  residue  of  the  tetrachloride  remains.  The 
trichloride  is  a  black  solid,  having  a  greenish  tinge,  which  is 
decomposed  by  water.  The  tetrachloride  is  reddish-brown 
and  is  stable  at  ordinary  temperatures,  but  is  decomposed  by 
moisture.^ 

Derivatives  of  the  tetrachloride  can  be  obtained  by  boiling 
potassium  permanganate  with  glacial  acetic  acid,  and  saturating 
the  resulting  reddish-brown  solution  with  hydrochloric  acid. 
A  dark  crystalline  precipitate  of  potassium  manganichloride, 
MnCl4,2KCl,  is  thus  produced,  which  rapidly  loses  chlorine 
in  moist  air,  but  may  be  preserved  in  dry  air  for  some  time. 
If  potassium  acetate  be  added  to  the  liquid  before  it  is 
saturated  with  hydrochloric  acid,  Neumann's  salt,  MnCl3,2KCl, 
is  obtained  (Meyer  and  Best). 

Permanganic  Oxychloride,  MnOgCl. — This  chloride  of  perman- 
ganic acid  was  first  prepared  by  Dumas :  ^  he  did  not,  however, 
analyse  the  compound,  but  from  its  mode  of  decomposition  con- 
sidered it  to  be  manganese  heptachloride,  MnCl,.  It  is  obtained 
by  gradually  adding  fused  sodium  chloride  to  a  solution  of 
potassium  permanganate  in  concentrated  sulphuric  acid.  A 
yellow  gas  is  then  evolved,  which  when  passed  through  a  freezing 
mixture  condenses  to  a  greenish-brown  liquid.  This  when 
exposed  to  the  air  emits  a  purple-red  vapour,  which  possesses  the 
peculiar  smell  of  the  oxides  of  chlorine,  and  like  them  acts  most 
violently  upon  the  mucous  membrane,  so  that  the  smallest 
quantity  of  the  chloride  contained  in  commercial  permangan- 

1  Meyei-  and  Best,  Zeit.  anorg.  Chem.,  1900,  22,  169. 
"  Holmes,  /.  A7ner.  Chem.  Soc,  1907,  29,  1277, 
■*  .4.7171.  Chim.  Phys.,  1827,  [2],  36,  81, 
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ate  can  be  thus  readily  detected.^  When  heated  it  explodes 
violently,  and  water  decomposes  it  with  formation  of  perman- 
ganic acid  and  hydrochloric  acid.  These  substances,  however, 
mutually  decompose  with  formation  of  free  chlorine  and  man- 
ganese dioxide.  A  corresponding  oxyfluoride,  MnOgF,  exists, 
and  was  first  prepared  by  Wohler.^ 

Manganous  Bromide,  MnBrg,  is  obtained  by  heating  the 
powdered  metal  in  bromine  vapour,  and  when  the  compound  is 
fused,  it  is  obtained  as  apale-red  mass.  When  the  carbonate  is  dis- 
solved in  hydrobromic  acid  the  hydrated  bromide,  MnBr2,4H20j 
is  obtained,  and  this  was  found  by  Marignac  to  be  isomor- 
phous  with  the  ordinary  form  of  the  chloride. 

Manganous  Iodide,  Mnl2,4H20,  is  obtained  crystallised 
in  colourless  deliquescent  needles,  which  become  coloured  on 
exposure  to  air.  Hydrates  with  SHgO  and  QHgO  are  formed 
below  —2-7°  and  —9 '3°  respectively.* 

Manganese  I'etriodate,  Mn(IOg)^,  is  not  known  in  the  free 
state,  but  a  double  salt  with  potassium  iodate,  Mn(I03)^,2KIOg, 
is  formed  as  a  brownish-violet,  insoluble,  crystalline  powder 
when  hydrated  manganese  dioxide  is  boiled  with  iodic  acid  and 
potassium  iodate.* 


Manganese  and  Sulphur. 

522  Manganese  Monosulphide,  MnS,  occurs  as  the  mineral 
manganese  blende,  or  alabandite,  forming  a  steel-grey  crystal- 
line mass  with  a  green  streak,  and  sometimes  observed  in  cubes 
and  octahedra.  It  has  a  specific  gravity  of  4'04,  and  occurs  in 
veins  in  the  coal  mines  in  Transylvania,  and  in  Freiberg  and 
Mexico.  It  may  be  obtained  artificially  in  the  form  of  a  dark 
grey  powder,  which  melts  at  a  high  temperature  forming  a 
steel-grey  crystalline  mass,  by  heating  the  monoxide,  the  car- 
bonate, or  the  sulphate  in  a  current  of  hydrogen  sulphide 
(Arfvedson),  or  in  green  octahedra  by  heating  manganous  sul- 
phide with  a  little  sulphur  in  the  electric  furnace.^  Ammonium 
sulphide  and  the  other  monosulphides  of  the  alkali  metals  pre- 
cipitate anhydrous  manganese  sulphide  from  a  solution  of  a 
manganous  salt  in  the  form  of  a  light  flesh-coloured  precipitate, 

1  Aschoff,  Pogg.  Ann.,  1860,  111,  217.         ^  Pogg.  Ann.,  1827,  9,  619. 
'■<  Kuznetzoflf,  /.  Muss.  Phys.  Chem.  Soc,  1900,  32,  290. 
*  Berg,  Gompt.  rend.,  1899,  128,  673. 
■^  Mourlot,  Gomipt.  rend.,  1895,  121,  202. 
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which  dissolves  readily  in  dilute  acids  and  oxidises  oh  exposure 
t(j  the  air,  assuming  a  brown  tint.  When  left  in  contact  with 
ammonium  sulphide,  or  heated  to  300°,^  and  when  suspended 
in  a  dilute  solution  of  sulphuretted  hydrogen  and  exposed  to  a 
low  temperature,  it  passes  into  the  green  crystalline  sulphide.^ 
According  to  Olsen  and  Rapalje  a  grey  form  of  the  sulphide 
also  exists  and  the  sulphide  precipitated  by  ammonium  sulphide 
is  a  mixture  of  this  and  a  red  form.  The  sulphide  precipi- 
tated by  sodium  sulphide  does  not  contain  the  grey  form,^  and 
does  not  become  green  when  left  in  contact  with  excess  of  the 
precipitant. 

Manganese  sulphide  combines  with  the  sulphides  of  the 
alkali  metals  to  form  salts.*  The  potassium  salt,  K^SjSMnS, 
is  formed  as  a  dark-red  crystalline  mass  when  anhydrous 
manganese  sulphate  is  gradually  heated  to  redness  with  three 
parts  of  potassium  carbonate,  0'2  part  of  lamp-black,  and  excess 
of  sulphur. 

Manganese  Bisulphide,  MnSg. — This  substance  is  found  as  the 
mineral  hauerite  in  crystals  belonging  to  the  regular  system. 
They  possess  a  metallic  adamantine  lustre,  and  a  reddish-brown 
colour,  and  occur  in  clay  at  Kalinka  in  Hungary,  together  with 
sulphur  and  gypsum. 

Manganous  Sulphate,  MnSO^,  is  best  prepared  by  mixing 
commercial  black  oxide  of  manganese  to  a  paste  with  sulphuric 
acid  and  heating  the  mixture  in  a  crucible  to  strong  redness, 
when  the  greater  part  of  the  iron  sulphate  is  destroyed.  The 
filtrate  obtained  after  lixiviating  the  residue  is  then  heated  with 
a  small  quantity  of  manganous  carbonate  in  order  to  precipitate 
the  last  traces  of  iron. 

It  has  a  specific  gravity  of  31,  and  is  decomposed  at  a  bright 
red  heat,  leaving  a  residue  of  red  oxide  of  manganese.  Man- 
ganous sulphate  forms  a  number  of  hydrates  and  the  equilibrium 
curve  for  this  substance  and  water  is  one  of  great  complexity. 
Below  8°  the  heptahydrate  separates  out,  between  8°  and  27° 
the  pentahydrate  is  the  stable  form,  and  above  27°  the  mono- 
hydrate.  The  solubility  of  the  latter  decreases  as  the  tempera- 
ture rises,  so  that  a  maximum  of  solubility  exists  at  27°.  In 
addition  to  these  stable  forms,  several  labile  hydrates  exist,  the 

1  Antony  and  Donnini,  Gazz.,  189.3,  23,  i.,  560. 

"  Villiers,  Gompt.  rend.,  1895,  120,  322. 

■'  /.  Amer.  Chem.  Soc,  1904,  26,  1615,  where  the  literature  is  quoted. 

*  A^olker,  Annalen,  1846,  59,  35  ;  Brunner,  Arch.  sci.  phys.  nat.,  1889,  22, 
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most  important  of  these  being  the  tetrahydrate,  which  separates 
at  about  30°  in  rose-coloured  prisms  of  sp.  gr.  2'097  (Kopp). 
Several  other  hydrates  have  been  described,  but  it  is  doubtful 
whether  they  all  exist.^     100  parts  of  water  dissolve : 


At              0° 

9° 

15° 

27° 

50° 

70° 

100° 

nSO,    53-2 

59-3 

611 

66 

59-5 

52 

33-2. 

The  last  trace  of  water  is  expelled  from  the  monohydrate 
only  at  450". 

Manganous  sulphate  is  insoluble  in  absolute  alcohol,  this 
liquid  removing  a  portion  of  the  water  from  the  hydrates. 
Finely  crystalline  double  sulphates  ^  are  formed  when  manganous 
sulphate  aad  the  sulphates  of  the  alkali  metals  are  crystallised 
together;  these  belong  to  the  isomorphous  series  E\SO^, 
R"SO„6H20. 

Manganous  Aluminium  Sulphate,  MnS04,Al2(SO^)3,24H20. — 
This  substance  occurs  as  the  mineral  apjohnite  found  in  Algoa 
Bay  in  South  Africa.^ 

Manganic  Sulphate,  M.n^{^0^.^. — Manganic  oxide  and  hydroxide 
dissolve  with  difficulty  in  sulphuric  acid.  The  red  oxide, 
MujO^,  on  the  other  hand,  dissolves  readily,  yielding  a  purple- 
red  solution.  If  the  finely  divided  precipitated  dioxide  is 
treated  with  sulphuric  acid,  oxygen  is  evolved,  and  at  a  tem- 
perature of  138°  a  green  liquid  is  obtained  from  which  the  sul- 
phate is  precipitated  as  a  non-crystalline  powder.  In  order  to 
purify  this  salt  it  is  brought  on  to  a  porous  porcelain  plate,  when 
the  greater  part  of  the  sulphuric  acid  is  absorbed ;  the  residue 
is  then  washed  with  pure  nitric  acid  and  the  salt  is  allowed  to 
dry  in  absence  of  air  on  another  porous  plate,  and  then  heated 
to  150°.* 

Manganese  Alums. — Manganese  forms  a  seiies  of  alums, 
Ri2S04,Mn2(SOj3,24H20,  which  crystallise  in  pink  or  red 
octahedral  forms.  They  are  decomposed  by  water,  but  are 
stable  in  a  solution  of  1  volume  of  sulphuric  acid  diluted  with  3 
of  water,  provided  that  the  temperature  is  kept  low.  The 
potassium  and  ammonium  salts  are  extremely  unstable  and 
have  not  been  obtained  pure,  but  the  caesium  and  rubidium  salts 

'  Schieber,  Monatsh.,  1898,  19,  280;  Cottrell,  J.  Physical  Ghem.,  1900,  4, 
637;  Richards  and  Fraprie,  Amer.  Chem.  J.,  1901,  26,  75;  compare 
Linebarger,  ibid.,  1893,  15,  225. 

2  See  also  Scott,  Joum.  Chem.  Soc,  1897,  71,  587  ;  Mallet,  ibid.,  1900,  77, 
221 ;  1902,  81,  1549. 

■'  Phil.  Mag.,  1856,  [3],  12,  103.  ^  Carius,  Anua/eii,  18.56,  98,  53. 
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can  be  prepared.  The  salts  obtained  by  the  addition  of  the 
sulphates  of  potassium  and  ammonium  to  manganic  sulphate 
and  evaporating  are  not  true  alums,  but  contain  less  water  of 
crystallisation.^  An  anhydrous  ammonium  manganic  sulphate 
has  also  been  obtained  and  forms  violet  crystals  which  are 
decomposed  by  water.^ 

Manganic  GcBsium  Alum,  Cs2SO^,Mn2(SO^)3,24H20,  may  be 
prepared  by  dissolving  csesium  sulphate  and  manganic  acetate, 
-^^^2(^2-^302)3  (obtained  by  the  action  of  potassium  perman- 
ganate on  manganous  acetate  dissolved  in  glacial  acetic  acid),  in 
dilute  sulphuric  acid  and  cooling  to  —  20°  (Christensen).  It  can 
be  obtained  also  by  electrolysing  at  10-15°  a  solution  of 
manganous  sulphate  and  cassium  sulphate  in  dilute  sulphuric 
acid  placed  in  the  anode  compartment  of  an  electrolytic  cell.^ 
It  forms  coral-red  crystals  of  the  regular  system  (class  30, 
p.  201)  and  is  decomposed  by  water.  It  melts  at  40°  in  its 
water  of  crystallisation. 

The  Rubidium  Alum  closely  resembles  the  caesium  salt  but 
decomposes  at  about  15°,  whilst  the  potassium  and  ammonium 
alums  decompose  at  still  lower  temperatures  (Christensen). 

Ifanganous  Dithionate,  MnSgOg.SHgO. — This  salt  is  of  interest 
inasmuch  as  it  is  employed  for  the  preparation  of  dithionic 
acid  (Vol.  I.,  457).  It  is  obtained  by  passing  sulphur  dioxide 
through  water  in  which  finely  divided  manganese  dioxide  is 
suspended.  The  solution  alwaj's  contains  a  small  quantity  of 
manganous  sulphate,  and  for  this  reason  baryta  water  is  added 
as  long  as  a  precipitate  of  barium  sulphate  is  formed. 
Manganous  dithionate  is  deposited  in  easily  soluble  rhombohedral 
crystals. 

Manganese  and  the  Elements  of  the  Nitrogen  Group. 

523  Manganese  Nitride.— The  compound  Mn^Ng  is  produced 
when  nitrogen  is  passed  over  finely  divided  manganese  at  a  red 
heat.  When  ammonia  is  substituted  for  nitrogen,  the  substance 
formed  has  the  composition  Mn^Ng.  Both  of  these  form  dark- 
coloured  powders  which  yield  ammonia  when  they  are  heated 
in  hydrogen  or  fused  with  potash.* 

'  Christensen,  Zeit.  anorg.  Chem.,  1901,  27,  328. 

''  Lepierre,  Compt.  rend.,  1895,  120,  924. 

*  Piccini,  Zeit.  anorg.  Chem.,  1898,  17,  355 ;  1899,  20,  12. 

■*  Prelinger,  Monatsh.,  1894,  15,  391. 
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Manganmcs  Nitrate,  Mn(N03)2. — The  hydrate  with  6H2O 
crystallises  with  difficulty  in  colourless  deliquescent  needles 
which  melt  at  25 '8°,  and  are  readily  soluble  in  alcohol.  A 
hydrate  with  SHgO  also  exists^  which  is  stable  above  25°  and 
melts  at  35'5°.  The  nitrate  decomposes  at  129'5,  at  which 
temperature  a  black  deposit  of  manganese  oxides  is  formed. 

Phosphides  of  Manganese. — The  phosphide  MugP^  was  obtained 
by  Wedekind  and  Veit^  by  heating  manganese  with  red 
phosphorus  in  an  atmosphere  of  hydrogen,  and  forms  lustrous 
needles  of  sp.  gr.  5"12,  which  are  magnetic  and  dissolve  in  warm 
nitric  acid.  A  compound  of  this  formula,  but  insoluble  in  nitric 
acid,  was  prepared  by  Granger  ^  by  passing  phosphorus  vapour 
and  hydrogen  over  manganous  chloride,  whereas  Wedekind  and 
Veit  obtained  a  magnetic  compound  MugP^  in  this  way. 

Manganous  Phosphates. — These  salts  have  been  investigated 
by  Heintz,*  Debray,^  Bodecker,^  and  Erienmeyer.^  The  normal 
manganous  orthophosphate,  M.n^iVO^^^'H.^O,  is  a  white 
imperfectly  crystalline  precipitate.  The  monohydrogen  salt, 
HMnPO^jSHjO,  forms  small  prismatic  rose-coloured  rhombic 
crystals  slightly  soluble  in  water,  and  the  dihydrogen  phosphate, 
H^Mn(P04)2,2H20,  crystallises  in  red  four-sided  prisms  which 
deliquesce  on  exposure  to  the  air,  decomposing  into  free  phos- 
phoric acid  and  the  preceding  salt.* 

Manganous  salts  are  precipitated  by  ammonium  phosphate 
as  manganous  ammonium  phosphate,^  Mn(NH4)P04,H20,  which 
is  converted  by  ignition  into  the  pyrophosphate,  Mn^PgO^. 

Manganic  Pho^hates. — Both  manganic  oxide  and  the  dioxide 
dissolve  in  a  concentrated  solution  of  phosphoric  acid,  in  the 
latter  case  with  evolution  of  oxygen,  with  formation  of  a  deep 
violet  liquid,  from  which  a  violet-coloured  crystalline  mass 
separates  out  (Gmelin).  This  decomposes  in  contact  with 
water,  and  manganic  hydroxide  is  precipitated  from  the  solu- 
tion by  alkalis.  On  evaporating  the  red  solution  a  peach- 
blossom-coloured  powder  separates,  consisting  of  manganic 
metaphosphate,      Mn(P03)3,H20.i''       The     normal     phosphate 

1  Funk,  Ber.,  1899,  32,  96.  ^  B&r.,  1907,  40,  1268. 

'  Compt.  rend.,  1897,  124,  190.       "  Pogg.  Ann.,  1848,  74,  450. 
5  Annalen,  1849,  69,  208.  "  Ami.  Ghim.  Phys.,  1861,  [3],  61,  4.33. 

'  Annalen,  1877,  190,  191. 
8  See  also  Viard,  Compt.  rend.,  1899,  129,  412. 
»  Dakin,  Zeit.  anal.  Ohem.,  1900,  39,  784. 

i»  Hermann,  Pogg.  Ann.,  1848,  74,  303.  See  also  Barbier,  Compt.  rend. 
1902,  135,  1054,  1109. 
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MnPO^.HjO,  an  acid  pyrophosphate,  MnHPgOy,  and  the  salts 
MnKPjOj  and  Mn^Pg02i,14H20/  have  also  been  prepared.^ 

Manganese  Arsenides. — Two  arsenides  of  manganese  are 
known,^  the  first  of  which,  MnAs,  is  non-magnetic,  but  is 
converted  by  heating  into  the  magnetic  compound,  MngAs. 

Manganous  Arsenate. — When  arsenic  acid  is  saturated  with 
manganese  carbonate,  a  sparingly  soluble  salt  having  the  com- 
position HMnAsO^  is  formed.  This  dissolves  readily  in  arsenic 
acid  with  formation  of  the  salt  H^Mn(AsO^)2,  which  latter 
crystallises  in  rectangular  plates. 

Several  double  salts  with  the  alkali  arsenates  are  also 
known.* 

Manganese  Antimonide,  MnSb,  can  be  prepared  by  the  direct 
union  of  the  elements,  or  by  igniting  a  mixture  of  antimony 
with  manganese  thermite,  and  may  be  purified  by  treatment 
with  bromine.  It  forms  a  black  crystalline  powder  of  specific 
gravity  5'6,  and  is  strongly  magnetic.^ 


Manganese  and  Boron. 

524  Manganese  Dihoride,  MnBg,  is  produced  when  a  mixture  of 
manganese  thermite  and  boron  is  ignited  or  the  oxides  reduced 
with  boron,  and  may  be  purified  by  treatment  with  chlorine. 
It  forms  grey-black  crystals,  which,  when  pure,  are  non- 
magnetic, decompose  in  warm  water,  and  dissolve  in  concen- 
trated acids.^ 

Manganese  Monoloride,  MnB,  is  prepared  by  the  reduction 
of  red  oxide  of  manganese  with  boron  at  a  white  heat  in  a 
magnesia  crucible,  or  by  the  direct  union  of  its  elements,  and 
forms  a  black  crystalline  powder  of  specific  gravity  6-2,  which 
resembles  the  diboride  in  its  properties  but  is  strongly  magnetic 
and  dissolves  more  readily  in  acids.^ 

Manganese   Borate,    MnH^(B03)2,    is    formed    as   an    almost 

'  Auger,  Compt.  rend.,  1901,  133,  94. 

2  Christensen,  /.  pr.  Chem.,  1883,  [2],  28,  1  ;  Schierning,  J.  pr.  Ohm., 
1892,  [2],  45,  515. 

''  Wedekind,  Zeit.  Ekktrochem.,  1905,  11,  850 ;  Ber.  deutsch.  physik.  Ges., 
1906,  4,  412. 

■•  Lef^vre,  Oompt.  rend.,  1890,  110,  405. 

'^  Wedekind  and  Fetzer,  Ber.,  1907,  40,  1266. 

»  Wedekind,  Ber.,  1905,  38,  1228  ;  Wedekind  and  Petzer,  Ber.,  1907,  40, 
1264 ;  Binet  du  Jassoneix,  Ber,  1907,  40,  3193. 

'  Binet  du  .Jassonneix,  Compt.  rend.,  1904,  139,  1209 ;  1906,  142,  1336. 
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white  powder  when  manganese  sulphate  is  added  to  a  solu- 
tion of  borax,  and  the  precipitate  is  dried  at  100°.  When  it  is 
heated  to  redness  it  yields  the  metaborate,  Mn(B02)2-  The 
precipitated  salt  is  used  in  the  preparation  of  drying  oils  and 
oil  varnishes/  the  commercial  salt  being  a  mixture  of  varying 
composition.^ 

Manganese  and  the  Elements  of  the  Carbon  Group. 

525  Manganese  Carbide,  MngC,  is  formed  when  red  oxide  of 
manganese  is  heated  with  charcoal  or  calcium  carbide  in  the 
electric  furnace.  It  has  the  specific  gravity  6"89,  and  when 
treated  with  water  yields  equal  volumes  of  hydrogen  and 
methane : 

MngC  +  6H2O  =  CH,  +  H2  +  3Mn(OH)2. 

It  burns  readily  in  oxygen,  and  is  easily  attacked  by  fluorine 
and  chlorine.^  When  very  strongly  heated  it  dissociates,  the 
manganese  volatilises,  and  the  carbon  remains  as  graphite.* 

Manganese  Carbonate,  MnCOg,  forms  an  isomorphous  con- 
stituent of  chalybite  and  dolomite,  and  occurs  also  in  the  pure 
state  in  the  rose-red  crystals  of  manganese  spar,  rhodochrosite 
or  dialogite.  All  these  minerals  crystallise,  like  calc-spar,  in 
rhombohedra,  but  manganocalcite,  (Mn,Ca,Mg)C03,  is  isomor- 
phous  with  aragonite. 

Hydrated  manganese  carbonate  is  obtained  as  a  white  pre- 
cipitate by  mixing  a  solution  of  the  chloride  or  sulphate  of 
manganese  with  sodium  carbonate.  In  the  moist  state  it  soon 
becomes  brown-coloured  on  exposure  to  the  air ;  it  dissolves  in 
8,000  parts  of  pure  water,  and  in  about  half  the  quantity  of 
water  saturated  with  carbon  dioxide. 

Manganese  and  Cyanogen. — When  a  concentrated  solution 
of  manganese  acetate  is  warmed  with  solid  potassium  cyanide 
a  green  precipitate  is  thrown  down  of  KCN,Mn(CN)2;  this 
gradually  disappears,  and  in  its  place  dark  blue  crystals  of 
potassium  manganocyanide,  KjMn(CN)g,3H20,  are  formed.* 
The  manganocyanide  is  obtained  also  when  manganous  car- 
bonate is  heated  to  a  temperature  of  from  40°  to  50°  with  a 

1  Hartley  and  Raraage,  Joum.  Chem.  Soc,  189.3,  63,  129. 

2  See  Endemann  and  Paisley,  Zeit.  angeio.  Chem  ,  190.3,  16,  175. 
■<  Moissan,  Compt.  rend.,  1896,  122,  421  ;  1897,  125,  839. 

«  Gin  and  Leleux,  Gompt.  rend.,  1898,  126,  749. 
5  Eaton  and  Fittig,  Annalen,  1868,  145,  157. 
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solution  of  potassium  cyanide.^  The  salt  crystallises  in  deep 
violet-blue  efflorescent  tetragonal  tablets.  Its  solution  oxidises 
on  exposure  to  air  with  formation  of  potassium  manganicyanide, 
K3Mn(CN)g,  which  crystallises  in  dark-red  prisms.  This  latter 
salt  when  brought  into  contact  with  potassium  amalgam  in 
aqueous  solution  is  again  transformed  into  manganocyanide. 
The  constitution  of  these  complex  salts  will  be  referred  to 
under  the  corresponding  iron  compounds. 

Manganese  Thiocyanate,  Mn(SCN)2,  may  be  prepared  from 
manganons  sulphate  and  barium  thiocyanate.  The  anhydrous 
salt  is  yellow,  and  forms  a  green  hydrate  with  SHgO,  which 
crystallises  at  the  ordinary  temperature.  Concentrated  aqueous 
solutions  are  green,  but  become  pink  when  they  are  diluted 
(Kumakoff).^ 

suicides  of  Manganese. — Some  doubt  exists  as  to  the  number 
of  definite  compounds  formed  by  these  elements.  A  study  of 
the  freezing  point  curve  for  mixtures  of  the  two  ^  indicates  the 
existence  of  the  two  compounds,  MujSi  and  MnSi,  whilst  in 
addition  to  these  the  compounds  MnSig*  and  MnjSig^  have 
been  described. 

The  silicide,  MujSi,  is  formed  when  the  two  elements  are 
heated  together  in  the  electric  furnace,^  by  firing  a  mixture  of 
silica,  manganese  oxide,  and  aluminium,  or  by  heating  a  mixture 
of  potassium  silicofluoride,  red  oxide  of  manganese,  copper,  and 
sodium  (Lebeau).  It  is  a  very  hard  brittle  mass,  which  has  a 
metallic  lustre  and  steel-grey  colour  and  a  specific  gravity  of  6'4. 
It  is  not  decomposed  by  water  at  the  ordinary  temperature,  but 
it  is  attacked  by  steam,  oxygen,  and  chlorine  at  a  red  heat,  and 
dissolves  in  hydrochloric  acid.  Fluorine  decomposes  it  at  the 
ordinary  temperature. 

The  monosilicide,  MnSi,  forms  hard  lustrous  tetrahedral 
crystals  of  specific  gravity  5-9,  whilst  the  disilicide,  MnSij,  forms 
dark-grey  octahedral  crystals  of  specific  gravity  5'24.  The 
compound  described  by  Gin  of  the  formula  MngSij  is  probably 
impure  Mn^Si  (Lebeau).^ 

^  Descamps,  Ann.  Chim.  Phys.,  1881,  [5],  24,  178. 

"  Quoted  by  Groasmann,  Ber.,  1905,  37,  559. 

-  Doerinckel,  Zeit.  anorg.  Chem.,  1906,  50,  117. 

■"  de  Chalinot,  Amer.  Ghem.  J.,  1896,  18,  536. 

=  Gin,  Oompt.  rewl.,  1906,  143,  1229. 

"  Vigouroux,  Compt.  rend.,  1895,  121,  771  ;  1905,  141,  722 ;  Lebeau,  Compt. 
rend.,  190,3,  136,  89,  281  ;  Ball.  Soc.  chim.,  1903,  [3],  29,  797  ;  Ann.  Chim. 
Fhy^.,  1904,  [8],  1,  553.  ^  Compt.  rend.,  1907,  144,  85. 


MANGANOUS   SILICATES  1157 


Manganmis  Silicates  occur  as  isomorphous  constituents  of 
many  minerals,  and  some  naturally  occurring  manganese  silicates 
are  also  known.  Thus,  for  instance,  rhodonite,  MnSiOg,  occurs 
in  light  brownish-red  transparent  triclinic  crystals,  and  tephroite, 
MnjSiO^,  crystallises  in  the  tetragonal  system  in  rose-red,  brown, 
or  grey  masses,  and  usually  occurs  together  with  rhodonite. 

Detection  and  Estimation  of  Manganese. 

526  Manganese  is  distinguished  by  forming  a  flesh-coloured 
sulphide  readily  soluble  in  dilute  acids.  In  the  course  of 
analysis  manganese  is  thrown  down  with  the  sulphides  and 
hydroxides  of  the  metals  which  are  precipitated  by  ammonium 
sulphide.  If  the  precipitate  be  treated  with  very  dilute  cold 
hydrochloric  acid,  the  sulphides  of  cobalt  and  nickel,  if  present, 
remain  undissolved.  The  solution  is  heated  in  order  to  remove 
the  sulphuretted  hydrogen,  oxidised  with  potassium  chlorate,  and 
an  excess  of  caustic  soda  is  added.  Iron,  manganese,  and  uranium 
are  thus  thrown  down  as  hydroxides.  The  washed  precipitate 
is  then  dissolved  in  hydrochloric  acid,  the  liquid  neutralised, 
and  ammonia  and  ammonium  chloride  added,  when  the  whole 
of  the  metals,  with  the  exception  of  manganese,  are  thrown 
down;  the  filtrate  is  then  evaporated  to  dryness,  and  the 
residues  heated  to  get  rid  of  ammonium  salts.  The  mass  which 
remains  can  be  treated  in  various  ways  for  the  detection  of  man- 
ganese. The  simplest  plan  is  to  fuse  a  small  quantity  of  the 
residue  with  caustic  soda  and  saltpetre,  when  the  dark-green 
potassium  manganate  is  formed,  and  this  colour  becomes  deep 
blue  ou  cooling.  It  dissolves  in  water  with  a  green  colour,  which 
on  addition  of  a  little  nitric  acid  turns  red.  Other  character- 
istic reactions  for  the  manganese  salts  are  the  following. 
Potash  and  soda  precipitate  the  white  hydroxide,  which  soon 
becomes  brown  on  exposure  to  air.  Ammonia  in  the  presence 
of  ammonium  chloride  produces  no  immediate  precipitate,  but 
the  solution  rapidly  absorbs  oxygen  from  the  air,  brown  man- 
ganic hydroxide  being  deposited.  When  a  manganese  com- 
pound is  fused  with  borax  an  amethyst-coloured  bead  is 
obtained  in  the  outer  flame,  and  this  in  the  inner  flame  becomes 
colourless. 

The  non-luminous  gas  flame  is  coloured  green  by  manganese 
chloride,  and  this  exhibits  a  spectrum  in  which  the  lines  in 
the  green  and  yellow  are:i  5587(a),  5392(^8),  and  5195(7). 
1  Hoppe-Seyler,  /.  Chem.,  1870,  110,  303. 
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The  spark  spectrum  of  manganese  contains  a  large  number  of 
bright  lines,  of  which  the  most  important  are :  6022,  6017, 
and  6014  in  the  orange ;  4824  and  4784  in  the  green ;  4766, 
4762,  and  4754  in  the  blue ;  4235  and  4228  in  the  indigo 
(Lecoq  de  Boisbaudran). 

The  absorption  spectrum  of  permanganic  acid  and  its  potass- 
ium salt  exhibits  in  very  dilute  solution  five  distinct  bands ;  a 
more  concentrated  solution  gives  continuous  absorption  in  the 
yellow  and  green  ;  and  this  is  observed  also  in  certain  solutions 
of  manganic  salts.  The  latter,  however,  do  not  show  the  bands 
On  dilution.  The  manganous  salts  also  show  a  characteristic 
absorption  spectrum,  chiefly  in  the  ultra-violet.^ 

In  order  to  estimate  manganese  gravimetrically  it  may  be 
precipitated  as  the  carbonate,  sulphide,  or  phosphate.  Fre- 
quently, however,  it  is  thrown  down  as  the  peroxide  by  treating 
the  solution  with  bromine  water  and  ammonia,  or  nitric  acid 
and  a  chlorate.  This  is  then  converted  by  ignition  into  the  red 
oxide,  MnjO^,  in  which  condition  the  manganese  is  weighed. 
The  sulphide  on  heating  in  the  air  is  also  converted  into  the 
same  oxide.  This  oxide  is,  however,  very  liable  to  reduction  or 
oxidation,  and  the  amount  of  available  oxygen  in  it  should 
always  be  ascertained  volumetrically.  It  can  also  be  estimated 
electrolytically. 

Manganese  always  occurs  in  nature  together  Avith  iron.  In 
order  to  separate  these  the  solution  is  heated  with  ammonium 
chloride,  neutralised  with  the  requisite  quantity  of  ammonia,  and 
the  iron  precipitated  with  ammonium  acetate.  The  manganese 
can  then  be  estimated  in  the  filtrate  in  the  above  way. 

Manganese  may  be  estimated  volumetrically  by  titration  with 
potassium  permanganate  in  presence  of  zinc  sulphate  (p.  1143), 
or  by  conversion  into  permanganate,  which  is  then  estimated 
by  titration  with  standard  oxalic  acid,  hydrogen  peroxide,  or 
some  other  reducing  agent.  When  small  quantities  are  con- 
cerned this  is  best  done  by  boiling  the  manganese  salt  with 
concentrated  nitric  acid,  solid  lead  peroxide,  and  a  little  dilute 
sulphuric  acid,  and  filtering  the  resulting  liquid  through 
asbestos,  or  by  digesting  the  salt  with  nitric  acid  and  sodium 
bismuthate,  or  a  persulphate,  sulphuric  acid  and  silver  nitrate. 

Manganese  may  also  be  precipitated  as  the  hydrated  dioxide 
by  boiling  with  dilute  sulphuric  acid  and  ammonium  persul- 
phate,  and   the   dioxide   either    estimated    volumetrically,  or 
'  Lambert,  Oompt.  rend.,  1905,  141,  357. 
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in  the  absence  of  other  metallic  salts,  gravimetrically  by  con- 
version into  the  red  oxide.^ 

Very  small  traces  of  manganese  can  be  detected  and  esti- 
mated colorimetrically  by  adding  caustic  soda  and  glycerol,  and 
passing  air  or  oxygen  through  the  solution.  A  ruby-red 
coloration  is  produced  and  the  amount  of  manganese  present 
can  be  estimated  colorimetrically  by  comparison  with  standard 
solutions  of  potassium  permanganate.^ 

Faluation  of  Manganese  Ores. — The  most  accurate  and  con- 
venient methods  for  the  estimation  of  the  quantity  of  man- 
ganese dioxide  in  manganese  ores  are  those  of  Bunsen,°  and  of 
Fresenius  and  Will.*  By  the  former  method  the  quantity 
of  chlorine  evolved  on  treatment  with  hydrochloric  acid  is 
directly  determined : 

MnOg  +  4HC1  =  MnCl^  +  Cl^  +  2Hfi. 

The  free  chlorine  is  collected  in  a  solution  of  potassium  iodide, 
and  the  liberated  iodine  estimated  with  a  dilute  solution  of 
sulphurous  acid  or  sodium  thiosulphate. 

Fresenius  and  Will's  gravimetric  method  depends  upon  the 
fact  that  when  manganese  dioxide  and  oxalic  acid  are  brought 
together  in  presence  of  sulphuric  acid,  the  following  decomposi- 
tion occurs : 

MnO^  -I-  Gfi^(OB.\ + H^SO^  =  MnSO^  -1-  200^  -f  2H2O. 

Or  SS'OO  parts  of  carbon  dioxide  correspond  to  86'93  parts  of 
manganese  dioxide.  This  is  carried  out  in  a  weighed  appa- 
ratus provided  with  a  drying  tube,  the  loss  of  weight  being 
ascertained. 

The  Atomic  Weight  of  manganese  has  been  determined  by 
several  chemists,  among  the  earliest  of  whom  were  Berzelius,^ 
Dumas,®  and  V.  Hauer.^  Dewar  and  Scott,  by  estimating  the 
percentage  of  silver  in  silver  permanganate,  obtained  55"01 ;  ^ 
and  Marignac,  by  converting  pure  MnO  into  MnSO^,  obtained 
55'02.^  Baxter  and  Hines  from  the  analysis  of  the  bromide 
and  chloride  have  found  Si'QG.^"  The  value  at  present  (1913) 
adopted  is  54'93. 

'  von  Knorre,  Zeit.  angew.  Chem.,  1901,  14,  1149. 

=  Tarugi,  Gazz,  1906,  36,  i.,  332.  »  Jo^rn.  Chem.  Soc,  1856,  8,  219. 

*  Annalen,  184.3,  47,  87.  =  Poyg.  Ann.,  1828,  14,  211. 

6  Anncden,  1860,  113,  25.  '   Wien.  Akad.   Ber. ,1S57,  25,  124. 

*  Proc.  Boy.  Soc,  1883,  35,  44.  »  Zeit.  anal.  Chem.,  1884,  23,  123. 
i»  /.  Amer.  Chem.  Soc,  1906,  28,  1560. 
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GROUP    VIII. 

Suh-group  (a)  Iron,  Cobalt,  Nickel. 

„         (6)  Ruthenium,  Rhodium,  Palladium. 
„         (c)  Osmium,  Iridium,  Platinum. 

527  The  metals  placed  by  Mendel^efF  in  the  eighth  vertical 
group  form  a  very  remarkable  feature  of  his  arrangement  of  the 
elements.  They  occur  in  three  sub-groups,  each  containing  three 
metals,  forming  the  termination  of  the  even  horizontal  series 
4,  6,  and  10,  each  group  being  the  connecting  link  between 
the  elements  of  the  even  series  which  precedes  and  those  of 
the  odd  series  which  follows.  The  three  metals  which  make  up 
each  horizontal  sub-group  resemble  one  another  very  closely, 
and  differ  much  less  in  atomic  weight,  atomic  volume,  and 
general  physical  properties  than  is  usual  in  the  successive 
elements  of  a  horizontal  series,  as  may  readily  be  seen  by  a 
reference  to  Lothar  Meyer's  diagram  (p.  60). 

This  remarkable  similarity  is  borne  out  by  the  chemical 
behaviour  of  these  elements,  the  various  platinum  metals,  for 
example,  being  so  similar  that  their  separation  from  each  other 
is  a  matter  of  the  greatest  difficulty,  and  this  is  true  also  of 
cobalt  and  nickel. 

At  the  same  time  a  certain  degree  of  similarity  can  be  traced 
between  those  metals  which  are  in  the  same  vertical  column, 
more  particularly  in  sub-groups  b  and  c.  Thus  ruthenium  and 
osmium,  rhodium  and  iridium,  palladium  and  platinum  agree 
very  closely  in  many  of  their  most  characteristic  properties, 
such,  for  example,  as  the  formation  of  a  tetroxide,  which  is 
peculiar  to  ruthenium  and  osmium,  &c. 

From  the  analogy  of  the  preceding  groups,  it  would  be 
expected  that  the  characteristic  oxide  of  the  metals  of  this 
group  would  have  the  formula  MO^  or  M^Og.  Actually,  how- 
ever, only  ruthenium  and  osmium  form  such  an  oxide,  and 
this  is  not  an  acidic  oxide,  whilst  all  the  metals  of  the  group 
form  lower  oxides,  many  of  which  correspond  to  series  of  stable 
salts. 
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All  these  metals,  unlike  the  other  members  of  the  even 
series  of  the  periodic  system,  form  metallo-organic  compounds.^ 

A  very  characteristic  property  of  the  metals  of  this  group  is 
their  tendency  to  form  complex  radicals  with  other  elements  or 
groups,  which  then  act  as  basic  or  acidic  radicals,  and  thus  give 
rise  to  extended  series  of  compounds.  These  substances,  as  a 
rule,  differ  entirely  in  properties  from  the  ordinary  salts  of  the 
metal,  this  being  due  to  the  fact  that  each  radical  has  its  own 
characteristic  properties,  and  those  of  the  metal  appear  only 
when  the  radical  has  been  broken  up.  Some  of  the  most 
important  of  these  complex  derivatives  are  the  double  cyanides, 
such  as  the  ferrocyanides  and  their  analogues,  the  complex 
halogen  derivatives  of  the  platinum  metals,  the  ammoniacal 
derivatives  of  cobalt  and  of  the  platinum  metals,  the  double 
nitrites,  sulphites,  &c.  This  tendency  is  shared  by  chromium 
and  to  some  extent  by  manganese,  copper,  and  other  metals 
which  either  immediately  precede  or  follow  the  metals  of 
Group  VIII  in  the  periodic  system. 


SUB-GROUP   (a).     THE   IRON   GROUP. 

Iron,  Cobalt,  Nickel. 

528  These  three  metals  are  all  magnetic,  melt  at  a  high  tem- 
perature, are  oxidised  when  strongly  heated  in  air  or  oxygen, 
and  decompose  steam  at  a  red  heat.  They  all  form  basic  oxides  of 
the  formula  M"0,  and  a  corresponding  series  of  coloured  salts 
in  which  the  metal  is  divalent.  The  sesquioxides  M"203  also 
act  as  basic  oxides,  but  the  corresponding  salts  of  nickel  and 
cobalt  are  so  unstable  that  they  speedily  decompose  with  forma- 
tion of  salts  corresponding  to  the  lower  oxide.  Those  of  iron, 
on  the  other  hand,  are  much  more  stable,  and  are  formed  from 
those  of  the  lower  oxide  on  exposure  to  the  air.  These  metals, 
moreover,  all  yield  oxides  of  the  formula  MgO^,  to  which  no 
stable  salts  correspond,  and  which  are  probably  to  be  considered 
as  being  themselves  salts  of  the  formula  M^M^^^O^.  Cobalt,  in 
addition  to  these, probably  forms  an  unstable  acidic  dioxide,  whilst 
derivatives  of  the  corresponding  nickel  oxide  are  also  known, 
but  no  such  derivatives  of  iron  have  been  prepared,  although 

1  Pope  and  Peachey,'  Proc.  Chem.  Soc,  1907,  23,  86. 
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the  corresponding  sulphide  exists  as  iron  pyrites.  Iron,  how- 
ever, forms  a  series  of  compounds  known  as  the  ferrates,  which 
are  derived  from  a  hypothetical  acidic  trioxide,  FeOg,  to  which 
no  analogue  is  known  among  the  compounds  of  nickel  and 
cobalt. 

Nickel  and  iron  both  unite  with  carbon  monoxide  to  form 
volatile  liquids,  whereas  cobalt  forms  a  crystalline  carbonyl. 

Nickel  has  much  less  tendency  to  form  complex  radicals  than 
cobalt  or  iron,  the  most  important  of  such  derivatives  formed 
by  the  last  two  being  the  cobaltammines  and  the  cyanogen 
compounds  of  iron. 


IRON  (FERRUM).     Fe  =  55-84. 

529  Iron  is  the  most  important  of  all  the  metals.  It  seldom 
occurs  in  the  metallic  state  in  nature ;  the  ores  of  iron  are 
however,  found  widely  distributed,  and  usually  in  a  state  of 
purity ;  their  reduction  to  the  metal  may  well  be  considered  as 
one  of  the  simplest  of  metallurgical  operations,  requiring  far  less 
knowledge  and  skill  than  is  needed  for  the  preparation  of  bronze. 
In  spite  of  these  facts  it  is  usually  supposed  that  the  iron  age 
followed  those  of  copper  and  bronze,  although  in  many  cases  the 
art  of  working  in  iron  became  known  at  a  very  early  period. 
It  is,  however,  to  be  remembered  that  metallic  iron  is  rapidly 
destroyed  by  rusting,  at  any  rate  in  damp  situations,  and  this 
may  to  some  extent  account  for  the  comparatively  rare  occur- 
rence of  very  early  iron  implements. 

It  appears  probable  that  iron  was  first  obtained  from  its  ores 
in  India,  and  it  is  certain  that  both  the  Assyrians  and  the 
Egyptians  employed  iron  implements  many  centuries  before  our 
era.  In  the  Pentateuch  the  metal  iron  is  mentioned,  as  well 
as  the  furnaces  in  which  it  was  prepared ;  the  Hebrew  name  for 
iron,  Barzel,  is  derived  from  the  root  Bazal  which  signifies  "  to  be 
hard,"  whilst  the  derivation  of  the  Greek  word  aiSrjpo'i,  which 
occurs  in  Homer,  is  unknown.  The  Greeks  obtained  their  iron 
from  the  Chalybes,  a  nation  dwelling  on  the  south  coast  of  the 
Black  Sea,  from  whom  the  Asiatic  nations  also  obtained  the  metal. 
The  Romans,  on  the  other  hand,  procured  their  iron  not  only 
from  this  district,  but  also  from  Spain,  Elba,  and  Noricum.  The 
Elban  iron  mines,  which  are  to  this  day  renowned  for  their  fine 
specular  iron,  were  worked  by  the  Etruscans,  and  the  method 
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employed  for  the  extraction  of  the  iron  is  identical  in  principle 
with  that  still  in  vogue  in  the  Pyrenees. 

The  word  iron,  which  is  identical  with  the  Scandinavian 
"  iarn  "  (instead  of  "  isarn  "),  and  with  the  German  "  Eisen  " 
(adjective,  "  eisern  "),  appears  to  be  connected  with  the  Sanscrit 
"  ayas  "  (Latin  "  aes  "),  and  this,  according  to  Grimm,  is  an  indi- 
cation that  bronze  was  in  use  among  the  Germans  at  a  much 
earlier  date  than  iron.  The  alchemists  connected  iron  with 
Mars,  the  god  of  war,  and  gave  to  it  the  sign  $ . 

Native  iron  occurs,  according  to  Andrews,^  in  small  spicules 
distributed  throughout  the  basalt  of  the  Giant's  Causeway,  as 
well  as  in  the  old  lavas  of  the  Auvergne.  The  occurrence  of 
terrestrial  iron  in  large  lumps  has  also  been  observed;  these 
masses  have,  however,  probably  been  formed  in  the  firing  of  coal- 
pits when  the  burning  mass  has  come  in  contact  with  ores  of 
iron  ;  the  product  is  termed  natural  steel. 

The  native  metal  occurs  more  frequently  in  the  form  of 
meteoriciron.  The  meteorites  falling  in  larger  or  smaller  masses 
from  extra-terrestrial  sources  may  be  divided  into  two  groups 
"Earthy  meteorites,"  which  consist  chiefly  of  silicates,  and 
"  Meteoric  irons,"  which  consist  of  iron  together  with  a  larger 
or  smaller  quantity  of  nickel,  the  presence  of  this  latter  metal 
being  characteristic  of  meteoric  masses.^  Meteoric  iron  likewise 
usually  contains  small  quantities  of  cobalt  and  other  metals,  as 
well  as  graphite,  ferrous  sulphide,  and  schreibersite,  (Fe,Ni,Co)3P, 
this  last  compound  being  one  which  is  not  known  to  exist  in 
any  terrestrial  mineral.  When  the  surface  of  a  meteoric  iron 
is  planed  and  polished,  and  then  treated  with  dilute  nitric 
acid,  peculiar  configurations  make  their 
appearance  which  were  first  noticed  by 
Widmanstatten  in  the  year  1808.  These 
consist  of  rhombic  folia  or  crystalline 
markings  (shown  in  Fig.  187)  which  have 
a  metallic  lustre;  the  spaces  enclosed  by  ""^j^^TTsY. 
these  markings  are  somewhat  raised,  so 
that  a  surface  of  meteoric  iron  thus  treated  may  be  used 
as  a  plate  from  which  an  engraving  can  be  obtained.  Some 
meteoric  irons  do  not  exhibit  these  figures,  parallel  stri^ 
making   their  appearance  when   the  metal  is  subjected  to  a 

'  Andrews,  Brit.  Assoc.  Reports,  1852,  34. 

^  See  Fletcher's  Introduction  to  the  Study  of  Meteorites  (Published  by  the 
Trustees  of  the  British  Museum,  1904). 
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similar  treatment.  Meteoric  iron  frequently  occurs  in  con- 
siderable masses ;  thus,  for  instance,  that  which  was  dis- 
covered by  Pallas  in  Siberia  originally  weighed.  800  kilos, 
[Analysis  (a)],  whilst  that  found  in  Bahia  weighed  nearly  7,000 
kilos. ;  a  still  larger  mass  occurs  at  Chaco-Gualamba  in  Peru, 
which  is  said  to  weigh  16,000  kilos.,  and  similar  large  masses 
have  been  found  in  other  localities,  both  in  North  and  South 
America,  as  well  as  in  Africa.  The  largest  known  masses  are 
those  found  at  Ovifak  on  the  Island  of  Disko,  off  Greenland, 
where  fifteen  blocks  of  meteoric  iron  occur,  the  weight  of  the 
two  largest  being,  according  to  Nordenskjold,^  21,000  and  8,000 
kilos.  [Analysis  (b)]. 

The  following  table  gives  the  composition  of  several  meteoric 
irons  : 


(«) 

(ft) 

(c) 

id) 

Locality.     .     . 

Siberia. 

Ovifak. 

Brazil.  . 

Tennessee. 

Analyst .     .     . 

Berzelius. 

Nordenskjold. 

Damover. 

J.  L.  Smith. 

Iron    .    .    . 

88-04 

84-49 

63-69 

91-15 

Nickel    .    . 

10-73 

2-48 

33-97 

8-01 

Cobalt    .    . 

0-46 

0-07 

1-48 

0-72 

Copper  .    . 

0-07 

0-27 

0-05 

006 

Manganese. 

0-13 

— 

— 

— 

Carbon  .    . 

0-04 

10-62 

0-02 

— 

Sulphur     , 

trace 

1-52 

002 

— 

Phosphorus 

-^ 

0-20 

0-05 

— 

Chlorine     . 

— 

0-72 

— 

— 

Silicate 

0-53 

0-09 

— 

— 

100-00 


100-46 


99-28 


99-94 


Finely  divided  meteoric  iron  is  constantly  falling  from  extra- 
terrestrial space  on  to  the  earth  :  the  occurrence  of  this  meteoric 
dust  has  been  observed  in  Sweden  and  in  the  snow-fields  of 
Northern  Siberia,  the  snow  enclosing  black  magnetic  particles 
which  contain  cobalt  as  well  as  iron.  Similar  particles  of 
meteoric  dust,  consisting  of  metallic  iron,  have  been  found 
by  Murray,  of  the  Challenger  expedition,  at  great  depths  in  mid- 
ocean.  It  is  only  under  conditions  such  as  the  above  that  it  is 
possible  to  detect  this  fine  meteoric  dust,  in  consequence  of  the 
enormous  accumulation  elsewhere  of  terrestrial  dust. 

530  Iron  is  usually  found  in  combination  either  with  oxygen 
or  sulphur.  Of  the  large  number  of  minerals  which  contain  iron 
1  Poyg.  Ann.,  1874,  151,  154. 
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only  those  will  now  be  mentioned  which  occur  most  commonly 
and  in  the  largest  quantity  ;  the  ores  will  be  specially  described 
hereafter.  The  most  important  oxygen  compounds  of  iron  are 
red  haematite,  or  specular  iron  ore,  Fe^O^;  brown  haematite, 
2Fe20s,3H20 ;  ma.gnetic  iron  ore,  FegO^ ;  spathic  iron  ore,  FeCOg, 
the  latter  containing  other  isomorphous  carbonates.  Again, 
iron  pyrites,  FeS^,  occurs  largely,  whilst  magnetic  pyrites, 
FcySg,  is  less  common ;  iron  sulphide  also  forms  an  important 
constituent  of  copper  pyrites,  CuFeSg,  arsenical  pyrites, 
FeAsS,  and  other  minerals.  Silicates  of  iron  are  found  in 
most  geological  formations,  and  from  these  iron  oxide  finds  its 
way  into  the  soil,  in  which  it  is  usually  present  in  considerable 
quantity,  imparting  to  it  a  reddish  or  brown  colour.  This  fact 
was  known  to  Pliny,  who  mentions  that  the  presence  of  iron 
may  be  recognised  by  the  colour  of  the  soil.  Iron  compounds 
are  contained  in  solution  in  spring-  and  river-waters,  as  well  as 
in  the  water  of  the  ocean,  and  it  is  from  one  or  other  of  these 
sources  that  plants  obtain  the  iron  which  forms  an  essential 
constituent  of  their  chlorophyll. 

In  1702  N.  Lemery  proved  that  the  ashes  of  plants  contained 
iron:  this  observation  was  confirmed  by  the  experiments  of 
Geoffrey  in  1705,  who,  however,  assumed  that  the  iron  was  not 
originally  contained  in  the  plants,  but  that  it  was  produced 
when  they  were  burned.  Other  celebrated  chemists,  such  as 
Becher,  held  the  view  that  the  iron  which  made  its  appearance 
when  certain  substances  were  subjected  to  chemical  treatment 
was  not  contained  in  them,  but  was  produced  independently. 
This  erroneous  opinion  was  first  disproved  by  Lemery. 

Iron  likewise  is  a  necessary  constituent  of  the  animal 
body ;  for  instance,  haemoglobin,  the  red  colouring  matter  of  the 
blood,  contains  0'336  per  cent,  of  iron.  Iron  preparations  have 
also  long  been  employed  as  medicine,  especially  in  anaemia. 
After  the  use  of  iron  the  number  of  red  corpuscles  is  increased, 
and  the  amount  of  haemoglobin  which  they  contain  becomes 
larger.  The  presence  of  iron  in  the  blood  was  first  shown  by 
Menghini  of  Bologna  in  1747. 

The  existence  of  iron  in  large  quantities  in  meteoric  masses 
indicates  a  wide  cosmical  distribution  of  the  element,  and  this 
conclusion  has  been  confirmed  by  Spectrum  Analysis,  which 
indicates  the  presence  of  iron  in  the  sun  and  many  fixed  stars. 

531  Preparation  of  Pure  Iron. — Iron  is  usually  produced  from 
its  oxides  by  reduction  with  carbon,  and  is  thus  obtained  on  the 
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large  scale;  thus  prepared,  however,  iron  is  not  pure,  but 
contains  more  or  less  carbon.  The  purest  commercial  form  is 
wrought  iron,  especially  the  finest  kinds  of  piano-wire :  this 
contains  about  0'3  per  cent,  of  foreign  impurities,  consisting 
chiefly  of  carbon.  In  order  to  obtain  chemically  pure  iron,  the 
oxide,  or  oxalate,  may  be  heated  in  a  current  of  hydrogen  at 
the  lowest  possible  temperature ;  the  metal  is  obtained  by  this 
process  as  a  black  powder  which  oxidises  and  becomes  incandes- 
cent in  the  air ;  if  the  reduction  is  carried  on  at  a  higher 
temperature  the  powdered  iron  is  not  pyrophoric.  Reduction 
of  the  oxide  or  basic  nitrate  by  hydrogen  at  1000°  gives  a 
product  with  a  distinct  metallic  lustre  and  a  light  grey 
colour.^ 

Pure  iron  may  be  prepared  also  by  electrolysis,  the  best 
conditions  for  obtaining  thick  homogeneous  deposits  being  the 
following.^  A  bath  is  made  up  containing  200  grams  of  ferrous 
chloride  or  ferrous  ammonium  sulphate,  50  grams  of  magnesium 
sulphate,  and  5  grams  of  sodium  hydrogen  carbonate  per  litre, 
and  electrolysed  with  a  current  density  of  0003  ampere  per  sq. 
cm.  at  the  cathode.  The  latter  is  of  copper,  thinly  silvered  and 
iodised,  and  maintained  in  rotation,  whilst  the  anode  is  of 
wrought  iron.  More  sodium  hydrogen  carbonate  is  added  from 
time  to  time  as  the  electrolysis  proceeds.  The  iron  formed 
improves  in  quality  as  time  goes  on,  and  finally  reaches  a 
strength  of  5,180  kilos,  per  sq.  cm.,  and  may  be  bent  at  a  sharp 
angle  without  breaking.  Owing  to  the  low  current  density,  the 
iron  formed  is  free  from  occluded  hydrogen,  which  is  always 
present  in  electrolytic  iron  deposited  with  a  high  current 
density. 

Properties.— Vave  iron  has  a  specific  gravity  of  7-86,  pos- 
sesses an  almost  silver-white  lustre,  and  takes  a  high  polish ; 
it  is,  with  the  exception  of  cobalt  and  nickel,  the  most  tenacious 
of  all  the  ductile  metals  at  the  ordinary  temperature,  but 
becomes  brittle  at  the  temperature  of  liquid  air.^  Its  average 
specific  heat  over  15-100°  C.  is  0-10983,  but  this  increases 
somewhat  rapidly  with  the  temperature  up  to  850°,  after  which 
it  decreases.* 

'  Lambert  and  Thomson,  Joani.  Ohein.  Soc,  1910,  97    2430. 

=  Maximowitsch,  Zeil.  Electrochem. ,   1905,'ll,   52;  Ryss  and  Bogomolny, 
ibid.,  1906,  12,  697.      Compare  Amberg,  ibid.,  1908,  14,  326;  1910    16,  125; 
Muller,  Metatlurgie,  1909,  6,  145  :  Pfaff,  Zeit.  EleUrochem.,  1910,  16,  217. 
Dewar  and  Hadfield,  Proc.  Roy.  Soc,  1905,  74,  026. 

■>  Harker,  Phil.  Mag.,  1905,  [6],  10,  430. 
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Pure  iron  becomes  soft  at  a  red  heat,  and  may  be  readily 
welded  at  a  white  heat,  but  above  the  welding  point  it  becomes 
brittle  under  the  hammer.  It  fuses  less  readily  than  commer- 
cial wrought  iron,  the  melting  point  being  1505-1520",^  and 
when  heated  in  the  electric  furnace  it  readily  distils,  much 
frothing  taking  place  in  the  boiling  liquid  owing  to  the 
evolution  of  occluded  gases.^  It  is  attracted  by  the  magnet  and 
may  also  be  rendered  magnetic,  but  loses  this  property  rapidly. 
Carbonised  iron  or  steel,  on  the  other  hand,  retains  its  magnetic 
property  at  the  ordinary  temperature,  but  loses  it  at  a  red 
heat. 

When  iron  is  heated  from  the  ordinary  temperature  to  the 
melting  point  it  undergoes  two  changes,  the  first  taking  place 
about  760°  and  coinciding  with  the  disappearance  of  inagnetic 
properties,  and  the  other  occurring  at  900°  (see  also  p.  1215). 
Osmond  and  Cartaud^  conclude,  therefore,  that  iron  exists  in  three 
allotropic  forms,  distinguished  as  a-,/S-,and  7-iron,or  a-,^-,  and  7- 
ferrite,  the  last  being  stable  above  900°,  and  usually  formed  on  the 
solidification  of  the  fused  metal,  whilst  the  a-form  is  the  sole 
constituent  of  pure  soft  iron  and  is  capable  of  assuming  magnetic 
properties.     All  three  forms  crystallise  in  the  regular  system. 

Iron  combines  readily  with  the  elements  of  the  chlorine 
group,  and  when  strongly  heated  burns  in  oxygen,  forming  the 
magnetic  oxide,  and  at  a  red  heat  decomposes  steam  with 
formation  of  the  same  oxide ;  it  also  burns  at  a  red  heat  in 
sulphur  vapour,  and  combines  with  carbon  at  a  high  temperature. 
Hence  all  the  iron  obtained  on  the  large  scale  contains  carbon 
in  combination  ;  the  larger  the  quantity  of  this  element  it  takes 
up,  the  more  readily  fusible  is  the  iron. 

Iron  dissolves  in  most  dilute  acids  with  evolution  of  hydrogen. 
Dilute  nitric  acid  dissolves  it  in  the  cold  without  the  evolution 
of  any  gas  and  with  the  formation  of  ferrous  nitrate,  Fe(N03)2, 
and  ammonium  nitrate;  when  heat  is  applied,  or  when  a 
stronger  acid  is  employed,  oxides  of  nitrogen  are  evolved,  and 
ferric  nitrate,  Fe(N03)3,  is  formed. 

Passive  Iron. — When  iron  is  placed  in  concentrated  nitric 
acid  it  appears  to  undergo  a  change,  and  is  then  not  attacked 
by  the    acid,   nor   will    it   then    precipitate    metals,  such   as 

1  See  Carpenter,  J.  Iron  Steel  Inst.,  1908,  78,  290. 

2  Moissan,  Compt.  rend.,  1906,  142,  425. 

^  Ann.  des  Mines,  1901,  17,  HO;  18,  113;  Compt.  rend.,  1906,  142, 
1530  ;  143,  44. 
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copper,  from  solutions  of  their  salts.  Iron  in  this  state  is  termed 
"passive."^  This  condition  may  be  brought  about  by  the 
action  not  only  of  nitric  acid,  but  also  of  other  substances  such 
as  chloric,  bromic,  iodic,  and  chromic  acids,  and  even  hydrogen 
peroxide,  as  well  as  by  electrolysis,  the  iron  acting  as  anode  in 
sulphuric  acid  solution. 

The  cause  of  this  phenomenon  has  not  yet  been  definitely 
ascertained.  Faraday  and  Beetz  regarded  it  as  due  to  the 
formation  of  a  thin  film  of  oxide  on  the  surface  of  the  iron, 
which  protects  it  from  further  action,  and  this  film,  according 
to  Haber  and  Goldschmidt,^  possesses  metallic  conductivity. 

Fredenhagen  ^  supports  the  hypothesis  that  in  the  passive 
condition  the  iron  is  coated  with  a  thin  layer  of  gas,  and  points 
out  that  iron  rendered  passive  by  anodic  polarisation  has  a 
different  behaviour  from  that  made  passive  by  nitric  acid, 
probably  because  the  protective  layer  is  oxygen  in  the  one 
case,  and  an  oxide  of  nitrogen  in  the  other.  Hittorf,* 
Heathcote,^  and  Finkelstein,^  on  the  other  hand,  regard  the 
phenomenon  as  due  to  a  chemical  or  electrical  change  taiking 
place  in  the  molecules  forming  the  surface  of  the  iron,  the  last- 
named  author  suggesting  that  ordinary  iron  consists  of  both 
ferrous  and  ferric  iron  molecules,  and  that  by  the  action  of  the 
above  substances  the  ferrous  iron  molecules  are  dissolved  or 
converted  into  ferric  molecules,  which  are  not  capable  of  attack 
by  the  reagents. 

Finely  Divided  or  Reduced  Iron  (ferrum  redactum)  has  long 
been  used  in  medicine.  Sporigy  iron,  prepared  by  the  reduction 
of  burnt  pyrites  or  other  suitable  iron  ore,  has  been  employed 
as  filtering  material  for  purifying  water  for  domestic  use. 

532  The  Rusting  of  Iron  in  the  Air. — The  formation  of  rust  on 
exposed  surfaces  of  the  metal  was  formerly  supposed  to  be  due 
to  direct  oxidation  of  the  metal.  Experience  showed,  however, 
that  contact  with  both  air  and  water  in  the  liquid  state  is 
necessary  for  the  production  of  rust.       The    investigations   of 

'  Keir,  Phil.  Trans.,  1790,  80,  359. 

2  Zeit.  Ekktrochem. ,  1906,  12,  49 ;  see  also  Gordon  and  Clark,  /.  Amer. 
Chem.  Hoc,  1906,  28,  IS."?* ;  Byers,  ibid.,  1908,  30,  1718;  Krassa,  Zeit. 
Ekktrochem.,  1909,15,  490;  Duustan  and  Hill,  Journ.  Chem.  Soc,  1911, 
99,  185.S  ;  Flade  and  Koch,  Zeit.  Ekktrochem.,  1911,  18,  .335. 

^  Zeit.  physikal.  Chem.,  1903,  43,  1  ;  1908,  63,  1. 

■*  Zeit.  physikal  Chem.,  1900,  34,  385. 

^  Zeit.  phy.4kal  Chem.,  1901,  37,  368 ;  J.  Soc.  Chem.  Iiid.,  1907,  26,  899. 

"  Zeit.  physikal  Chem.,  1902,  39,  91. 
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Grace- Calvert  ^  and  Crum  Brown  ^  showed  that  the  reaction  is 
not  one  of  direct  oxidation,  but  that  the  carbonic  acid  of  the 
air  plays  an  essential  part  in  the  reaction.  The  feebly  acid 
solution  of  the  latter  in  water  attacks  the  iron  with  considerable 
rapidity,  yielding  a  solution  of  ferrous  carbonate  in  excess  of 
carbonic  acid,  which  is  then  oxidised  by  the  oxygen  of  the  air 
with  formation  of  hydrated  ferric  oxide  and  evolution  of  carbon 
dioxide : 

Fe + H^O  +  CO2  =  FeCOg + H^ 
4FeC0g  +  6H2O  +  02  =  4Fe(0H)g+ 4CO2. 

The  correctness  of  this  explanation  was  called  in  question  by 
Dunstan,  Jowett,  and  Goulding,^  who  suggested^that  the  presence 
of  carbonic  acid  is  not  necessary,  but  that  the  iron  acts  on  the 
oxygen  of  the  air  and  water  with  formation  of  ferrous  oxide  and 
hydrogen  peroxide,  and  that  these  two  substances  then  interact 
with  formation  of  hydrated  ferric  oxide  : 

Fe + O2 + H2O  =  FeO  +  H^O^,        2FeO  +  H^O^  =  ¥efi^(0'S.\, 

the  excess  of  hydrogen  peroxide  immediately  reacting  with  iron 
to  form  a  further  quantity  of  rust.  No  evidence  of  the 
intermediate  formation  of  hydrogen  peroxide  has  been  found, 
the  authors  basing  their  conclusion  mainl};^  on  the  fact  that  sub- 
stances which  destroy  hydrogen  peroxide  appear  also  to  prevent 
rusting.  Moody  *  has,  however,  shown  that  when  carbonic  acid, 
and  also  all  other  dilute  acids  (which  act  in  the  same  manner  as 
carbonic  acid),  .are  absolutely  excluded,  water  and  oxygen  are 
incapable  of  bringing  about  the  formation  of  rust,  and  further 
that  freshly  formed  rust  always  contains  considerable  quantities 
of  ferrous  hydroxide  and  carbonate,  which  could  not  be  the  case 
if  the  hydrogen  peroxide  theory  were  correct.  Moreover,  he 
finds  that  previous  to  the  formation  of  the  rust  the  iron  passes 
into  solution  in  the  water,  the  rust  being  secondarily  pro- 
duced by  the  oxidation  of  the  dissolved  iron,  which  is  in  full 
accordance  with  the  Crace-Calvert  hypothesis  but  in  contra- 
diction to  that  of  Dunstan,  Jowett,  and  Goulding.^ 

'  Mem.  Manch.  Phil.  Soc,  1876,  5,  104. 

2  /.  Iron  Steel  Inst.,  1888,  ii.,  129. 

3  Journ.  Chem.  Soc,  1905,  87,  1548 ;  Proc.  Chem.  Soc,  1907,  23,  63. 
■•  Journ.  Chem.  Soc,  1906,  89,  120 ;  Proc  Chem.  Soc,  1907,  23.  84. 

'  See  also  Walker,  Cederholin,  and  Bent,  /.  Amer.  Chem.  Soc,  1907,  29, 
1251;  Tilden,  Journ.  Chem.  Soc,  1908,  93,  1356;  Friend,  /.  Iron  Steel 
Inst.,  1908,  77,  5;  Lambert  and  Thomson,  Journ.  Chem.  Soc,  1910,  97, 
2426  ;  Dunstan  and  Hill,  ibid,  1911,  99,  1835  ;  Andstrom,  Zeit.  anorg.  Chem., 
1910,  69,  10;  Lambert,  Journ.  Chem.  Soc,  1912,  101,  2056. 
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The  formation  of  rust  takes  place  to  begin  with  but  slowly, 
but  as  soon  as  a  thin  superficial  layer  of  rust  has  formed,  the 
process  goes  on  rapidly.  Certain  salts,  especially  those  of 
ammonia,  promote  the  oxidation,  whilst  the  liability  to  rusting 
is  diminished  by  the  presence  of  alkalis,  as  these  prevent  the 
formation  of  any  free  carbonic  acid.  Steel  instruments  may  be 
kept  bright  by  immersion  in  a  solution  of  caustic  soda  or, 
better,  of  sodium  nitrate.  In  order  to  lessen  the  liability 
to  rust,  iron  articles  are  coated  with  varnish  or  oil-paints,  or 
the  surface  is  covered  with  oil,  grease,  or  graphite.  A  coating 
of  magnetic  oxide  of  iron,  FogO^,  is,  however,  the  most  efficient 
protective,  and  to  obtain  such  a  coating  articles  of  iron 
are  subjected  to  the  action  of  superheated  steam  at  a  tem- 
perature of  about  650°,  this  process  being  known,  from  the 
name  of  its  inventor,  as  the  Barff  process. 

In  contact  with  zinc,  iron  becomes  electronegative  and  is 
thereby  to  a  considerable  extent  prevented  from  rusting.  Iron 
articles  are  therefore  often  covered  with  a  coating  of  zinc 
(galvanised  iron),  and  also  with  tin  (tin-plate),  and  nickel,  to 
protect  them  from  atmospheric  action. 

533  Iron  amalgam,  does  not  form  readily,  but  on  acting  with 
a  1  per  cent,  sodium  amalgam  upon  a  solution  of  ferrous 
sulphate,  a  semi-solid  mass  is  obtained  which,  when  in  small 
globules,  is  attracted  by  the  magnet.  On  distilling  this 
amalgam,  metallic  iron  remains  in  a  state  of  fine  division 
(Bottger).  The  same  amalgam  can  be  formed  by  rubbing 
powdered  iron  with  mercuric  chloride  and  water.  If  an  iron 
wire  be  attached  to  the  copper  pole  of  a  Daniell  element,  and 
dipped  into  a  solution  of  ferrous  sulphate,  whilst  another  iron 
wire  from  the  zinc  pole  touches  a  drop  of  mercury  lying  in 
the  solution,  amalgams  of  varying  composition  are  obtained 
according  to  the  intensity  of  the  current.  Those  containing 
only  small  quantities  of  iron  are  liquid ;  those  in  which  more 
iron  is  present  are  soft  and  crystalline.  One  containing  103'2 
of  iron  to  100  of  mercury  forins  a  hard  black  mass,  and  is  obtained 
by  submitting  the  liquid  amalgam  to  a  pressure  of  50  tons  to  the 
square  inch. 

1  Joule,  JoUrn.  Chem.  <Soc.,  1863,  16,  378. 
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534  Several  mythical  stories  point  to  the  fact  that  in  very 
early  times  meteoric  iron,  which,  falling  from  the  heavens,  was 
considered  as  a  gift  of  the  gods  to  man,  was  employed  in  the 
manufacture  of  iron  weapons.  Kumbary-  relates  that  the 
chiefs  in  the  Wadai  country,  in  Central  Africa,  possess  many 
weapons  which  have  been  worked  up  from  meteoric  masses. 
But  meteoric  iron  occurs  so  sparingly  upon  the  earth's  surface, 
and  is,  in  fact,  so  unsuited  to  the  manufacture  of  tough  forgings, 
that  at  a  comparatively  early  period  in  the  history  of  civilisation 
men  set  about  the  smelting  of  iron  from  its  ores.^ 

The  enormous  deposits  of  ancient  slag  and  furnace-cinder 
which  are  found  spread  over  large  areas  in  various  districts  of 
India  point  to  the  fact  that  the  iron  industry  existed  in  that 
country  at  very  early  times,  and  even  to  the  present  day  the 
manufacture  of  iron  is  carried  on  in  India  in  the  most  primitive 
manner.  It  is  also  clear  that  the  ancient  Assyrians  and 
Egyptians  were  well  acquainted  with  the  uses  of  iron,  and  the 
remains  of  their  iron  works  have  been  found  near  Sinai.  But, 
independently  of  these  sources,  a  knowledge  of  the  methods  of 
working  iron  ores  also  appears  to  have  been  gained  by  the 
tribes  living  in  the  North  of  Europe,  whilst  the  inhabitants 
of  the  Western  Hemisphere  were  not  acquainted  with  these  pro- 
cesses. Little  is  known  respecting  the  method  employed  by  the 
ancients  in  the  manufacture  of  iron;  the  slight  information  which 
we  possess  has  been  collected  together  by  Agricola  in  his  works, 
"De  Veteribus  et  Novis  Metallis,"  and  "De  Re  Metallica."* 
The  apparatus  employed  was  evidently  of  a  primitive  kind,  and 
consisted  of  a  small  hearth  or  furnace  to  which  was  attached  a 
bellows  or  blowing  arrangement  driven  by  hand,  similar  indeed 
to  that  which  is  now  in  use  among  the  hill-tribes  in  India  and 
in  Central  Africa.  Malleable  iron  and  steel  are  both  produced 
by  igniting  the  iron  ore  with  charcoal,  the  metal  being  obtained 
in  the  form  of  a  porous  lump  or  "  bloom,"  which  was  pressed  or 
hammered  into  a  coherent  metallic  mass. 

^  Further  information  on  this  subject  may  be  obtained  from  the  metal- 
lurgical works  of  Percy,  Turner,  Howe,  Harbord,  Sexton,  and  Carnegie. 

2  Compt.  rend.,  1870,  70,  649. 

'  See  "The  Early  Use  of  Iron,"  Brough,  /.  Iron  Steel  hist.,  1906,  69,  2.33. 

^  See  the  translation  from  the  Latin  Edition  of  1556,  by  H.  C.  Hoover  and 
L.  H.  Hoover;  published  by  The  Mining  Magazine,  1912. 
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The  dexterity  exhibited  by  the  Hindoos  in  the  manufacture 
of  wrought  iron  may  be  estimated  from  the  fact  of  the  existence 
in  the  Mosque  of  the  Kutub  near  Delhi  of  a  wrought  iron  pillar 
no  less  than  24  feet  in  length.^  This  pillar  stands  about  22 
feet  out  of  the  ground,  and  has  an  ornamental  cap  bearing 
an  inscription  in  Sanskrit  belonging  to  the  fourth  century. 
An  analysis  of  specimens  obtained  from  the  actual  pillar  by 
Hadfield  shows  that  the  material  is  an  excellent  type  of 
wrought  iron,  made  with  a  very  pure  fuel,  probably  charcoal. 


Cast  Iron,  Wrought  or  Malleable  Iron,  and  Steel. 

535  The  iron  which  is  obtained  from  its  ores  by  metallurgical 
processes  is  never  pure,  but  invariably  contains  other  con- 
stituents, which  greatly  affect  the  properties  of  the  metal,  and 
determine  its  value  for  various  purposes.  The  most  important 
of  these  additional  constituents  are  carbon,  silicon,  phos- 
phorus, sulphur,  and  manganese,  and  in  special  cases,  nickel, 
chromium,  tungsten,  vanadium,  aluminium,  and  molybdenum. 
It  is  found  that  comparatively  small  variations  in  the  amount  of 
these  substances  which  are  present  exert  an  enormous  influence 
on  the  properties  of  the  metal. 

Four  main  varieties  of  commercial  iron  are  usually  dis- 
tinguished : 

(1)  Cast  iron  contains  2-2-4-5  per  cent,  of  carbon,  besides 
varying  quantities  of  the  other  elements  mentioned  above. 
This  variety  fuses  readily,  and  when  cold  is  brittle  and  cannot 
be  worked  under  the  hammer. 

(2)  Wrought  or  malleable  iron  contains  little  carbon  and 
fuses  with  diflSculty,  but  is  malleable  and  can  therefore  be  worked 
under  the  hammer,  and  can  be  welded  at  a  red  heat.  The 
characteristic  feature  of  malleable  iron  is  that  it  is  produced 
in  a  pasty  state  without  having  been  melted,  and  consequently 
contains  particles  of  slag,  which  cannot  be  completely  removed 
from  the  unfused  metal. 

(3)  Steel  comprises  all  malleable  alloys  of  carbon  and  iron 
which  have  at  any  time  been  actually  melted.     It  contains  very 

'  A  cast  of  this  pillar  was  formerly  to  be  seen  in  the  Architectural  Court 
of  the  South  Kensington  Museum,  but  was  destroyed  during  a  fire  in  1885. 
A  drawing  of  the  pillar  is  found  in  St.  John  Day's  Prehistoric  Use  of  Iron 
and  Steel,  p.  144,  and  a  reproduction  from  a  photograph  in  the  J.  Iron  Steel 
Inst.,  191-2,  85,  168,  Plate  14. 
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little  slag,  but  otherwise  does  not  necessarily  differ  in  composition 
from  malleable  iron.  Steel  possesses  the  valuable  property  of 
becoming  hard  when  it  is  suddenly  cooled  from  a  high  tempera- 
ture, the  intensity  of  this  effect  depending  upon  the  amount  of 
carbon  which  it  contains. 

(4)  Special  steels  contain,  besides  carbon,  varying  quan- 
tities of  one  or  more  of  the  following  elements :  manganese, 
nickel,  chromium,  tungsten,  silicon,  vanadium,  molybdenum, 
and  aluminium.  Some  of  these  have  valuable  mechanical  and 
magnetic  properties  not  possessed  by  ordinary  carbon  steels. 

The  general  process  of  iron  smelting  consists  essentially  in 
the  removal  of  the  oxygen  from  the  ores,  and  this  is  invariably 
carried  out  in  practice  by  the  action  of  carbon  at  a  high  tem- 
perature. In  addition  to  the  oxygen,  the  extraneous  matter 
contained  in  the  ore,  such  as  silica,  alumina,  sulphur,  phosphates, 
&c.,  must  also  be  removed,  and  the  resulting  iron  must  be  ex- 
posed to  such  conditions  that  it  acquires  the  composition  which 
will  fit  it  for  the  special  purpose  to  which  it  is  to  be  applied. 


Ores  of  Iron. 

536  The  term  iron  ore  includes  only  those  minerals  which  con- 
tain iron  both  in  sufficient  quantity  and  also  in  a  condition 
which  enables  them  to  be  employed  for  the  economic  production 
of  the  metal.  Thus,  for  example,  iron  pyrites,  FeS2,  although 
it  occurs  in  very  large  quantities  and  contains  a  high  percentage 
of  iron,  cannot  properly  be  described  as  an  iron  ore,  inasmuch 
as  it  is  difficult  to  remove  the  sulphur  completely,  a  small  pro- 
portion of  which  renders  the  metal  unfit  for  use.  In  like 
manner  arsenical  pyrites,  although  it  also  contains  a  large 
quantity  of  iron,  is  unfit  for  the  production  of  the  metal ;  and 
the  same  may  be  said  of  many  other  minerals  which  contain 
large  quantities  of  iron. 

The  various  ores  of  iron  are  com])osed  of,  or  yield,  the  oxides 
of  iron  in  more  or  less  pure  condition,  and  the  value  of  an  iron 
ore  is  influenced  rather  by  the  nature  of  the  impurities  which 
it  contains  than  by  its  percentage  of  iron. 

The  ores  of  iron  occur  in  almost  every  geological  formation ; 
thus  magnetic  iron  ore  is  found  in  the  older  rocks,  as  in  the 
laurentian  beds  of  North  America,  and  the  old  slates  and 
gneisses  of  Sweden,  whilst  red  haematite  occurs  in  beds  or 
pockets   in   the   carboniferous   limestone  of  Cumberland   and 
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North  Lancashire,  and  spathic  or  clay  iron  stone  in  the  coal 
measures.  Again,  the  oolitic  rocks  furnish  large  deposits  of 
brown  haematite,  and  the  Elba  ore  is  probably  a  tertiary  deposit. 
Still  more  recent  formations  of  iron  ore  are  seen  in  the  bog  ore 
of  Germany  and  the  North  of  Ireland,  whilst  "  lake  ores "  are 
being  formed  in  Scandinavia  at  the  present  day. 

Magnetic  Iron  Ore,  Magnetite,  or  Loadstone,  Fe304. — This  ore, 
in  the  pure  state,  constitutes  the  richest  ore  of  iron,  containing 
72'4  per  cent,  of  the  metal.  It  occurs  in  the  crystalline  and 
massive  state  as  well  as  in  the  form  of  sand,  and  is  found  in 
large  deposits,  especially  in  volcanic  rocks,  as  well  as  in  granite, 
gneiss,  and  mica-schist.  The  most  important  localities  of 
magnetite  are  Arendal,  Dannemora,  and  other  places  in  Norway, 
Sweden,  and  Lapland ;  the  island  of  Elba ;  the  Ural  Mountains ; 
and  several  localities  in  the  United  States,  especially  near 
Lake  Superior.  In  England  magnetic  oxide  of  iron  occurs  on 
Dartmoor,  at  Brent  in  South  Devon,  and  at  Treskerby  in 
Cornwall ;  but  it  cannot  be  said  to  be  an  important  English 
ore.  In  Germany  it  is  found  in  large  quantities  at  Schmiedeberg, 
in  Silesia,  and  a  few  other  localities. 

Franhlinite,  (Fe,Mn)203,(Fe,Zn)0,  occurs  in  New  Jersey,  and  is 
first  worked  for  zinc,  the  residue  being  used  as  an  iron  ore  for 
the  production  of  spiegeleisen.^ 

Red  Hcemaiite,  or  Specular  Iron  Ore,  FcjOg.  —  This  sub- 
stance occurs  crystalline  as  specular  iron  ore,  and  also  in  a 
massive  state  having  a  columnar,  granular,  or  botryoidal  form, 
as  well  as  in  the  earthy  condition.  This  ore,  being  free  from 
impurities,  yields  a  cast  iron  which  is  especially  well  adapted 
for  the  manufacture  of  malleable  iron  and  steel.  Hssmatite 
occurs  in  veins  as  well  as  in  beds  and  pockets.  One  of  its 
most  remarkable  localities  is  the  island  of  Elba,  where  it 
occurs  finely  crystallised  between  talcous  schist  and  crystalline 
limestone.  The  Elba  mines  were  worked  by  the  Etruscans, 
and  are  still  productive.  A  fine  haematite  occurs  in  the 
Huronian  rocks  on  the  southern  shore  of  Lake  Superior, 
whilst  at  Iron  Mountain,  near  St.  Louis,  Missouri,  enormous 
masses  of  this  ore  of  iron  are  found.  On  the  continent  of 
Europe  haematite  occurs  in  Belgium,  and  deposits  of  this  ore 
are  found  also  in  the  Devonian  formation  on  the  Lahn  in  West- 
phalia. The  chief  deposits  of  haematite  in  England  are  those 
near  Ulverston  in  Lancashire,  and  on  the  coast  of  Cumberland 

'  /.  Iron  Steel  Inst,  1894,  45,  416. 


ORES  OF  IRON  I175 


near  Whitehaven;  the  ore  here  occurs  in  beds  or  pockets 
in  the  carboniferous  limestone,  sometimes  existing  as  hard 
botryoidal  masses  exhibiting  crystalline  structure,  and  some- 
times in  a  soft  or  compact  amorphous  condition. 

Brown  Hcematite,  or  Limonite,  Fe203,2Fe(OH)3  =  2Fe203,3H20. 
— This  substance  occurs  crystallised  in  rhombic  prisms,  but 
is  more  frequently  found  either  in  a  fibrous  foliated  and 
scaly  condition,  or  as  a  dark  brown  reniform  mass  and  commonly 
known  as  Brown  and  Yellow  Hsematite.  In  the  massive  state 
this  ore  occurs  in  large  quantity,  and,  as  it  can  be  readily 
worked,  it  has  been  long  employed  as  a  source  of  iron  (for 
analysis  see  table  on  p.  1177).  It  is  found  in  the  carboni- 
ferous limestone  as  well  as  in  the  older  rocks,  in  the  Forest  of 
Dean,  and  at  Llantrissant  in  Glamorganshire  in  the  lower  coal  . 
measure  sandstones.  At  Bilbao  in  Spain  it  occurs  largely  in 
the  carboniferous  limestone,  whilst  the  newer  and  earthy  brown 
hematite  is  found  in  the  oolite  and  greensand  in  Northamp- 
tonshire and  Lincolnshire.  It  is  likewise  largely  worked  in 
Germany  and  France,  being  the  ore  from  which  the  greater  part 
of  the  iron  made  in  these  countries  is  derived.  The  bog  ores 
which  are  worked  in  the  plains  of  North  Germany  and  Canada 
and  in  other  places,  as  well  as  the  peculiar  iron  ore  of  the  North 
of  Ireland  and  the  Swedish  lake  ore,  belong  to  this  class,  and  are 
of  the  most  recent  geological  formation. 

Spathic  Iron  Ore,  or  Siderite. — Spathic  iron  ore  consists  of 
ferrous  carbonate,  FeC03,  invariably  mixed  with  the  isomor- 
phous  carbonates  of  manganese,  magnesium,  and  calcium.  It 
possesses  a  yellowish-brown  colour,  and  occurs  often  in  globular 
or  botryoidal  forms  having  a  silky  fibrous  structure.  It  is  usually 
found  in  Devonian  rocks,  occurring  in  England  at  Brendon  Hill 
in  Somerset,  on  Exmoor,  and  at  Weardale  in  Yorkshire. 

Clay  Iron-stone,  or  Argillaceous  Iron  Ore,  is  a  spathic  iron 
containing  clay,  and  is  chiefly  found  in  nodules  or  bands  inter- 
spersed throughout  the  clays  and  shales  of  the  coal  measures. 
This  ore  is  the  most  important  English  ore  of  iron.  The  chief 
workable  beds  of  British  clay  iron-stone  occur  in  Yorkshire, 
•Derbyshire,  Staffordshire,  Warwickshire,  South  Wales,  and 
Scotland. 

The  "  black  band  "  iron-stone  is  an  important  variety  of  this 
ore.  It  contains  from  20  to  25  per  cent,  of  carbonaceous  matter, 
and  is  found  in  Lanarkshire,  North  Staffordshire,  and  South 
Wales.     The  Scotch  beds  were  discovered  by  Mushet  in  1800, 
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but  they  were  not  worked  until  the  year  1830.  In  1855  the 
same  ore  was  discovered  in  Westphalia,  and  it  is  worked  also  in 
Lower  Silesia.  The  coal  measures  of  the  Gard  and  of  the 
Aveyron  in  France,  and  those  in  Pennsylvania  and  Maryland 
and  other  States,  also  contain  large  quantities  of  clay  iron-stone. 
The  same  ore  is  found  in  strata  in  the  lias  and  also  in  the 
oolitic  and  tertiary  rocks,  the  Cleveland  iron  ore  belonging  to 
this  last  class.  Analyses  of  some  clay  iron-stones  are  given 
on  p.  1177. 

Calcination  of  the  Oee. 

537  Before  treatment  in  the  furnace  many  iron  ores,  especially 
the  clay  iron-stones  and  the  brown  haematites,  are  subjected  to 
a  process  of  calcination  or  roasting.  The  object  of  this  is  to 
expel  water  and  carbonic  acid,  and  also  to  render  the  ore  more 
porous,  and  thus  to  facilitate  the  subsequent  reduction  to 
metal.  At  the  same  time  any  sulphides  which  the  ore  may 
contain  are  oxidised  and  the  sulphur  expelled.  The  ordinary 
clay  iron-stone  is  sometimes  roasted  in  large  open  heaps,  the 
ore  being  mixed  with  a  sufficient  quantity  of  coal  to  keep  up 
a  slow  combustion.  A  preferable  method  is  to  calcine  the  ore 
in  kilns  or  roasters,  as  in  these  the  consumption  of  fuel  is  less 
and  the  product  more  uniform  than  in  the  ruder  process  of 
roasting  in  heaps. 

The  Manufacture  of  Cast  Ieon.^ 

538  The  application  of  the  blast  furnace  to  the  manufacture 
of  iron  marks  an  era  in  the  history  of  the  iron  industry,  inasmuch 
as  it  was  by  its  use  that  a  continuous  process  of  iron  manufacture 
became  possible.  The  discovery  of  a  process  by  which  fusible 
cast  iron  can  be  prepared  appears  to  have  been  made,  probably 
accidentally,  about  the  end  of  the  fifteenth  century,  in  Germany, 
where  the  Stiickofen  had  long  been  in  use  for  manufacturing 
blooms.  No  description  of  the  process  is,  however,  to  be  found 
in  the  older  writers  upon  metallurgy.  Thus  Agricola,  writing 
in  1556,  mentions  only  the  older  methods  of  iron  making-, 
although  he  appears  to  have  been  acquainted  with  cast  iron ;  at 
any  rate   the  new  method  must  have  been   at  work   in   this 

For  further  interesting  information  on  this  subject  the  reader  is  referred 
to  Percy's  admirable  "Sketch  of  the  History  of  Iron,"  Iron  and  Sttel,  p.  873, 
and  to  Turner's  Metallurgy  of  Iron,  1  et  seq. 
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country  in  1543,  for  we  find  that  in  that  year  English  cast  iron 
cannons  were  used.  The  great  demand  for  cast  iron,  which  was 
of  course  all  made  with  charcoal,  soon  leading  to  a  destruction 
of  our  forests,  it  became  necessary,  in  the  first  year  of  the  reign 
of  Elizabeth,  to  endeavour  to  replace  charcoal  by  some  other 
fuel.  This  was  accomplished  by  the  employment  of  coke 
instead  of  charcoal,  a  practice  which  was  carried  out  in  England 
by  Dudley  as  early  as  the  first  half  of  the  seventeenth  century 
but  which  afterwards  fell  into  abeyance.  It  was  subsequently 
revived  by  Abraham  Darby  at  Colebrookdale,  about  the  year 
1735. 

The  blast  furnace  consists  of  a  shaft  varying  in  height  from 
50  to  100  feet,  the  largest  diameter  being  14  to  24  feet.  The 
essential  parts  of  the  furnace  are,  first,  the  hearth  or  crucible, 
and,  second,  a  shaft  or  chimney  formed  of  two  truncated  cones 
joined  at  their  bases,  the  upper  being  termed  the  "  body  "  and 
the  lower  one  the  "  boshes."  Fig.  188  shows  the  construction 
of  such  a  furnace  on  the  scale  of  1  :  180. 

The  shaft,  A  Fig.  188,  is  75  feet  high,  the  diameter  at  the 
widest  part  (the  belly  or  bosh)  being  20  feet,  whilst  at  the 
throat,  B,  it  is  16  feet,  and  at  the  hearth,  c,  11  feet.  The 
shaft  is  constructed  of  an  outer  shell  of  wrought  iron  or 
mild  steel  plates,  supported  by  means  of  cast  iron  columns, 
D,  and  is  lined  with  fire-brick.  In  the  lining  of  the  boshes, 
which  is  exposed  to  the  highest  temperature,  cooling  boxes 
are  inserted  in  many  furnaces.  These  consist  of  narrow  flat 
boxes  made  of  gun-metal,  which  are  built  into  the  brickwork, 
and  are  cooled  by  a  current  of  water,  thus  preventing 
the  brickwork  from  becoming  too  hot.  The  wall  of  the  hearth, 
which  is  also  lined  with  fire-brick,  is  pierced  by  several 
openings ;  the  tapping  hole,  E,  by  means  of  which  the 
molten  iron  is  periodically  withdrawn ;  the  slag-notch  (not 
shown  in  the  diagram),  which  is  situated  at  a  higher  level,  and 
through  which  the  lighter  slag  is  constantly  allowed  to  flow 
away  into  trucks  or  ladles ;  and,  finally,  the  openings  by  which 
the  blast  of  air  is  introduced  through  the  tuyeres. 

The  throat  of  the  furnace  is  closed  by  a  contrivance  known  as 
the  cup  and  cone  arrangement,  first  introduced  by  G.  Parry  at 
the  Ebbw  Vale  works  in  1850.  It  consists  of  a  cast  iron  funnel, 
fixed  at  the  mouth  of  the  furnace,  and  closed  by  a  cast  iron  cone, 
suspended  at  one  end  of  a  counterpoised  lever,  or  by  means  of  a 
chain  and  wheel.     The  charge  is  tipped  from   barrows  on  to 
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the  cone,  and  is  introduced  into  the  furnace  by  momentarily 
lowering  the  latter.  When  the  cone  is  raised  against  the  funnel 
(as  shown  in  the  figure)  the  throat  of  the  furnace  is  closed,  and 
the  escape  of  gases  into  the  air  prevented ;  these  then  pass 
out  of  the  furnace  by  the  downcast,  F,  Fig.  188,  which  is 
provided  with  a  dust-catcher,  G,  and  are  then  usually  con- 
veyed through  the  main  to  the  stoves  for  heating  the  blast, 
to  the  boilers,  or  to  any  other  point  where  the  heat  produced 
by  their  combustion  can  be  made  available.  Great  develop- 
ments are  being  made  in  the  direct  use  of  this  gas  for  raising 
power  in  gas  engines.^ 

The  blast  of  air  is  introduced  near  the  bottom  of  the  furnace 
through  tuyere  holes,  perforating  the  walls  of  the  hearth.  The 
tuyeres  are  made  of  wrought  iron,  cast  iron,  or  bronze,  and  have 
a  double  casing  through  which  water  circulates  to  keep  them 
cool :  they  vary  in  number  from  8  to  16  according  to  the  size 
of  the  furnace,  are  about  5  to  7  inches  in  diameter,  and  are 
fed  from  an  annular  pipe,  H,  Fig.  188,  which  surrounds  the 
lower  part  of  the  furnace,  and  is  connected  with  the  blowing 
engine. 

Hot  and  Gold  Blast. — Up  to  the  year  1828  air  was  blown 
into  the  furnace  at  the  ordinary  atmospheric  temperature,  but 
in  that  year  J.  B.  Neilson  ^  patented  a  process  for  heating  the 
air  before  it  passed  into  the  forge  or  furnace,  and  this  process, 
inasmuch  as  it  saved  from  15  to  25  per  cent,  of  the  fuel,  and 
was  also  accompanied  by  an  increased  productive  power  of  the 
furnace,  was  soon  generally  adopted,  although  the  cold  blast  is 
still  employed  in  certain  works.  For  the  purpose  of  heating 
the  air,  the  waste  gases  from  the  furnace  are  burned  in  a 
Cowper's  or  Whitwell's  stove  or  some  modification  of  these,  such 
as  the  Massick  and  Crookes,  the  Ford  and  Moncur,  or  the 
Cowper-Kennedy ;  all  these  act  on  the  principle  of  the  Siemens 
regenerator,  and  raise  the  temperature  of  the  blast. 

The  air  is  thus  introduced  at  a  temperature  of  about  700°  to 
800°,  and  at  a  pressure  of  about  5  lbs.  to  the  square  inch.  The 
total  capacity  of  a  furnace  such  as  that  described  is  about 
14,150  cubic  feet,  and  it  is  capable  of  producing  about  1,000  to 
1,300  tons  of  cast  iron  per  week. 

Dry   air   Blast.—A   recent    development    in   blast    furnace 

'  Hubert,  Reinhardt,  and  Westgarth  on  Blast-furnace  Gas  Engines,  /.  Iron 
Steel  hist.,  1906,  71,  16—168. 

2  Patent  No.  5701,  March  3rd,  1828. 
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practice  is  the  drying  of  the  air  before  passing  it  through  the 
stoves.^  This  is  accomplished  by  drawing  the  air  through 
refrigerators  in  which  the  moisture  is  collected.  By  this  means 
it  is  claimed  to  be  possible  to  increase  the  burden  and  produc- 
tion of  pig-iron  by  20  per  cent.,  to  reduce  the  amount  of  coke 
per  ton  of  iron  by  18  per  cent.,  and  to  diminish  the  duty  on  the 
blowing  engines  on  account  of  the  colder  air  being  denser. 
The  greatest  advantage  is,  however,  in  the  regularity  of  work- 
ing the  furnace,  because  the  amount  of  moisture  carried  into  the 
furnace  by  the  blast  varies  very  largely  from  day  to  day  with 
change  of  atmospheric  conditions,  so  that  the  burden  of  the 
furnace  must  have  a  safe  margin  of  fuel  to  allow  of  a  sudden 
loss  of  heat  due  to  this  cause. 

539  The  Working  of  the  Furnace. — For  the  purpose  of  start- 
ing the  newly-built  blast  furnace  it  is  necessary  that  the  whole 
should  be  gently  heated  by  means  of  a  small  fire,  usually  made 
by  piling  a  quantity  of  rough  dry  timber  in  the  hearth,  on  to 
the  top  of  which  charges  of  coke  are  placed.  As  soon  as  the 
shaft  has  become  warm,  regular  charges  of  calcined  iron-stone, 
limestone,  and  coke  are  added,  until  the  furnace  is  filled.  The 
blast  is  then  turned  on  to  about  one-fifth  of  the  quantity 
usually  employed,  the  size  of  the  tuyeres  being  so  gradually 
increased  that  it  is  not  until  the  furnace  has  been  in  blow  for 
from  four  to  five  weeks  that  the  full-sized  pipes  are  used, 
and  several  months  generally  elapse  before  the  furnace  is  in 
full  work. 

The  proportion  of  the  materials  employed,  viz.,  iron  ore,  lime- 
stone or  lime,  and  fuel,  termed  the  charge  or  burden,  varies  con- 
siderably according  to  the  nature  of  the  ore.  If  it  be  siliceous 
or  clayey,  the  proportion  of  lime  added  must  be  increased ; 
whilst  if  the  ore  contain  lime  instead  of  silica,  the  addition  of 
silicates  may  be  requisite.  The  object  of  these  additions  is  to 
form  fusible  slags,  so  that  the  impurities  of  the  ore  may  be 
removed  and  the  furnace  kept  open  and  in  proper  working. 
The  slag  consists  of  calcium  and  aluminium  silicates,  and  it  is 
extremely  important  that  it  be  kept  of  the  right  basicity  and 
fusibility.  If  the  supply  of  lime  and  alumina  be  insufficient  to 
combine  with  the  silica  present,  oxide  of  iron  passes  into  the 
slag,  thus  causing  waste,  whilst  if  an  excess  of  these  bases  be 
used  the  lining  of  the  furnace  is  attacked.     The  fusibility  of 

1  Gayley,   /.  Iron  Steel  Inst.,    1904,    66,    274;    1905,   67,    256;   see   also 
Daubine  and  Roy,  J.  Iron  Steel  Inst.,  1911,  83,  28. 
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the  slag  moreover  determines  the  temperature  which  can  be 
reached,  and  is  therefore  of  great  importance,  as  this  has  a  great 
effect  on  the  nature  of  the  iron  produced.  The  higher  the 
temperature  which  is  required  for  the  reduction  of  the  ore  the 
less  fusible  must  be  the  slag.  As  soon  as  the  proper  proportions 
between  the  fuel,  ore,  and  limestone  have  been  ascertained,  it  is 
of  the  greatest  importance  that  these  proportions  should  be 
strictly  adhered  to,  and  for  this  purpose  the  charges  are 
regularly  weighed,  and  supplied  in  alternate  piles  at  the  top  of 
the  furnace,  into  Avhich  they  are  charged  by  lowering  the  cone 
as  already  described. 

On  the  average  about  one  ton  of  coke  and  8  to  12  cwt.  of 
limestone  are  required  for  each  ton  of  iron  produced,  about  5 
tons  of  heated  air  being  used  in  the  operation.  When  the 
furnace  is  in  regular  blast,  a  constant  stream  of  slag  passes  out 
from  the  slag-hole,  the  iron  collecting  in  the  lower  part  of  the 
hearth,  and  being  from  time  to  time  tapped  by  piercing  a  plug 
of  sand  and  clay  by  which  the  tap-hole  has  been  closed. 
Before  tapping,  moulds  are  prepared  for  holding  the  metal ; 
these  are  formed  in  the  sand  as  a  series  of  parallel  trenches, 
which  are  placed  in  communication  with  the  tap-hole.  The 
blast  of  air  is  then  shut  off,  and  the  tap-hole  opened  by  piercing 
the  plug  with  a  long  bar  of  iron.  The  melted  iron  flows  into 
the  channels  communicating  with  the  moulds  and  assumes  the 
form  of  semi-cylindrical  bars  or  "  pigs  "  united  to  one  another 
by  one  of  larger  dimensions  termed  the  "  sow." 

If,  owing  to  some  accident  to  the  machinery,  a  blast  furnace 
is  obliged  to  stand  when  hot,  the  operations  may  be  suspended 
for  several  months  if  the  throat  and  tuyere-holes  are  closed  up 
with  sand  or  clay.  Should,  however,  serious  damage  have 
occurred,  the  furnace  must  be  "  blown  out."  This  is  accom- 
plished by  reducing  the  burden,  and  thus  increasing  the  tem- 
perature for  a  time  so  as  to  remove  any  aggregations  of  solid 
matters  which  are  fusible  only  at  a  high  temperature.  Finally 
only  fuel  is  charged,  the  contents  of  the  furnace  are  allowed  to 
burn  out,  and  the  last  tapping  is  made  at  a  point  as  low  down 
in  the  hearth  as  possible.  The  life  of  a  blast  furnace  varies 
considerably,  lasting  from  five  to  twelve  years,  or  even  for  a 
longer  time,  according  to  circumstances. 

The  size  and  shape  of  Uast  furnaces  have  been  and  continue 
to  be  very  different.  When  charcoal  is  employed,  as  was 
formerly  universally  the  case,  and  is  still  so  in  countries  where 
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wood  is  plentiful,  the  furnace  is  usually  only  from  20  to  30  feet 
in  height.  The  charcoal  iron  which  is  thus  manufactured  in 
Sweden,  Russia,  and  America  is  especially  valuable  for  the  pre- 
paration of  fine  iron  wire,  and  of  the  best  kinds  of  steel.  Blast 
furnaces  in  which  the  fuel  used  is  either  coke,  anthracite,  or 
ordinary  coal,  are,  on  the  other  hand,  of  much  larger  dimensions, 
the  exact  height  and  capacity  of  the  furnace  being  regulated  by 
the  nature  and  amount  of  iron  which  has  to  be  produced,  as 
well  as  (it  may  be  added)  by  the  ideas  of  the  ironmaster. 

In  the  year  1750  each  English  blast  furnace  produced  about 
300  tons  of  pig-iron  per  annum,  whereas  a  large-size  modern 
furnace  yields  up  to  70,000  tons  in  the  same  period.  In  the 
Cleveland  district,  where  the  blast  furnaces  are  unusually  large, 
the  average  capacity  of  those  built  up  to  the  year  1854  was 
about  7,000  cubic  feet ;  whilst  those  built  during  the  years  1870 
and  1871  have  an  average  capacity  close  upon  30,000  cubic 
feet ;  in  some  cases,  however,  the  height  rises  to  105  feet,  and 
the  capacity  to  50,000  cubic  feet.  The  production  of  a  blast 
furnace  increases,  of  course,  with  its  size,  but  not  in  a  direct 
ratio;  thus  Lowthian  Bell  has  shown  that  an  old  furnace 
of  1853,  having  a  capacity  of  6,000  cubic  feet,  yielded  one  ton 
of  iron  per  twenty-four  hours  for  every  190  cubic  feet  of  space  ; 
whilst  in  the  high  furnace  built  in  1870,  380  cubic  feet  of  space 
are  required  to  produce  one  ton  of  iron  in  the  same  time  : 
hence  the  maximum  limit  of  economic  action  may  be  passed 
by  increased  size.  At  the  present  time  in  England  somewhat 
smaller  furnaces  are  again  being  built. 

The  maximum  production  is  at  present  gained  in  America, 
where  large  furnaces,  running  up  to  about  75  to  90  feet  in 
height,  are  employed,  and  the  blast  is  fed  at  a  higher  pressure, 
averaging  about  10  lbs.  to  the  square  inch.  The  furnace  thus 
works  more  rapidly,  producing  as  much  as  100,000  to  150,000 
tons  per  annum.^ 

540  Chemical  Changes  in  the  Furnace. — A  large  number  of 
investigations  have  been  made  on  the  subject  of  the  changes 
which  occur  in  the  blast  furnace,  but  in  spite  of  these  our 
knowledge  of  them  is  still  far  from  complete.  The  fuel  at  the 
hearth,  uniting  with  the  oxygen  of  the  blast,  which  is  insuffi- 
cient for  its  complete  combustion,  burns  with  formation  of 
carbon  monoxide.     This  gas,  coming  into  contact  with  the  con- 

'  One  of  the  Carnegie  Steel  Company's  furnaces  produced  918  tons  of  pig 
iron  in  twenty-four  hours  on  March  30th,  1905. 
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stantly  descending  charges  of  ore,  reduces  the  ferric  oxide  to 
spongy  metal,  the  change  being  accompanied  by  a  slight 
evolution   of  heat : 

Fe203  +  3CO  =  2Fe  +  3C02  + 8,662  cal. 

The  zone  in  which  this  reduction  occurs  most  rapidly  is  near  the 
top  of  the  furnace,  its  exact  position  depending  on  the  nature  of 
the  ore,  and  its  temperature  varies  from  600-900°.  When 
the  ores  are  porous  they  are  more  easily  permeated  by  the  carbon 
monoxide,  and  the  reduction  takes  place  more  quickly  than 
when  denser  ores  are  employed.  The  reduction  in  this  upper 
zone  is  never  quite  complete,  because  metallic  iron  is  itself 
oxidised  when  heated  either  in  carbon  dioxide  or  in  carbon 
monoxide,  free  carbon  being  deposited  in  the  latter  case.  As 
the  spongy  iron,  still  containing  a  small  amount  of  oxide,  des- 
cends it  arrives  at  the  hotter  parts  of  the  furnace,  the  tempera- 
ture of  which  reaches  1000°  in  the  belly  or  widest  section. 
At  this  point  the  reduction  of  the  metal  is  completed  by  the 
solid  carbon  present,  some  of  which  is  supplied  by  the  dissocia- 
tion of  carbon  monoxide,  which  takes  place  at  a  high  tempera- 
ture, with  formation  of  carbon  dioxide  and  free  carbon.^ 

Below  this  zone  is  the  hottest  part  of  the  furnace,  and  the 
materials,  which  were  formerly  in  a  pasty  state,  melt  completely, 
running  down  into  the  hearth,  where  the  lighter  slag  floats  on 
the  surface  of  the  heavier  iron,  and  thus  protects  it  from  the 
oxidising  action  of  the  blast.  Other  important  changes  in  the 
composition  of  the  iron  occurs  as  the  metal  passes  down  the  fur- 
nace. In  the  first  place,  the  spongy  iron,  in  passing  through  the 
zone  of  reduction,  takes  up  sulphur  from  the  ores  and  fuel ;  and 
secondly,  when  the  temperature  reaches  the  highest  point  in 
the  zone  of  carburisation,  the  phosphates  contained  in  the  ore 
are  reduced,  and  the  phosphorus  is  taken  up  by  the  iron.  At  a 
still  higher  temperature  the  fused  iron  in  the  presence  of 
carbon  reduces  silicon  from  the  silicates ;  and  this,  together 
with  manganese  and  other  metals,  remains  as  a  constituent  of 
the  cast  iron. 

It  will  thus  be  seen  that  three  main  zones  may  be  distin- 
guished in  the  furnace.  In  the  first  and  highest,  the  greater 
part  of  the  reduction  occurs,  whilst  the  partially  reduced  mass 
in  passing  through  the  second,  acquires  the  high  temperature 

'  Cailletet,  Compt.  rend.,  1866,  62,  891. 
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which  is  necessary  for  the  reactions  occurring  in  the  tJiird  and 
last  zone.  These  comprise  the  complete  reduction  of  the  ore, 
the  carburisation  and  fusion  of  the  metal,  and  its  impregnation 
with  silicon,  phosphorus,  &c.  These  various  zones  are  of  course 
not  well  defined,  but  pass  gi'adually  one  into  the  other. 

541  Oases  of  the  Blast  Furnace. — The  composition  of  the  blast 
furnace  gases  naturally  varies  in  the  different  zones  and  under 
different  conditions  of  burden.  The  relation  of  the  carbon 
dioxide  to  carbon  monoxide  present  in  the  blast  furnace  gases 
is  of  great  interest.  The  monoxide  is  reconverted  during  the 
reaction  into  the  dioxide,  and  this  either  remains  unaltered  or  is 
reconverted  by  the  iron  into  the  monoxide,  according  to  the 
temperature  which  prevails  in  the  upper  part  of  the  furnace. 
Carbon  dioxide  also  is  formed  near  the  top  of  the  furnace  by 
the  calcination  of  the  limestone,  and  this  is  then  partly  reduced 
to  the  monoxide.  The  researches  of  Lowthian  Bell  and  von 
Tunner  have  shown  that  the  relation  between  the  volumes  of 
the  escaping  carbon  dioxide  and  carbon  monoxide,  under  other- 
wise similar  conditions,  serves  as  an  excellent  criterion  of  the 
economical  working  of  the  blast  furnace,  and  the  limit  of  eco- 
nomical working  is  reached  when  from  40  to  60  volumes  of 
carbon  dioxide  are  present  for  100  volumes  of  carbon  monoxide. 
The  furnace  gases  contain,,  in  addition,  nitrogen  of  the  air,  hydro- 
gen derived  from  the  reduction  of  aqueous  vapour,  together  with 
hydrocarbons,  and  frequently  small  traces  of  cyanogen  or  hydro- 
gen cyanide. 

Many  analyses  of  the  blast  furnace  gases,  collected  at  various 
heights  above  the  tuyeres  and  under  varying  circumstances,  have 
been  made.  The  following  figures  give  an  idea  of  the  varying 
nature  of  the  composition  of  these  gases : 

Wood  Charcoal  Furnace  at   Vecherhagen,  near  Cassel.     Height, 
5-97  m.  (Bunsen). 

Depth  in  metres  below  the  mouth — O'l 
Nitrogen 
Carbon  dioxide 
Carbon  monoxide 
Methane 
Hydrogen 


VOL.  II 


-0-86 

2-59 

4-32 

62-34 

63-89 

64-58 

8-77 

3-60 

5-97 

24-20 

29-27 

26-51 

3-36 

1-07 

1-88 

1-33 

2-17 

1-06 

00-00 

10000 

100-00 
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Hot-Uast  Coke  Fit,rnace  at  Seraing 

in  Belgium.     Height,  ]  4'43  m, 

(Ebelmen). 

Depth  in  metres  below  the  mouth 

-0-30 

305 

13-71 

Nitrogen 

57-06 

61-67 

54-63 

Carbon  dioxide 

11-39 

1-08 

— 

Carbon  monoxide 

28-61 

35-20 

45-05 

Methane 

0-20 

0-33 

0-07 

Hydrogen 

2-74 

1-72 

0-25 

100-00       100-00       100-00 


Cold-blast   Coal   Furnace  at  Alfreton.     Height  11  m.  (Bunsen 

and  Plaj'fair). 

Depth  in  metres  below  the  mouth — 1-52  5-18  10'36 

Nitrogen       .         .         .         55-35  55-49  58-05 

Carbon  dioxide      .         .  7-77  12-43  

Carbon  monoxide  .                   25-97  18-77  87-43 

Methane        .         .                    3-75  4-31  — 

Hydrogen      .                  .           6-73  7-62  3-18 

Ethylene                .         .           0-43  1-38  — 

Cyanogen                                      _              _  1-34 


100-00       100-00       100-00 

When  coal  is  employed  in  the  blast  furnace  instead  of  coke, 
the  waste  gases  are  passed  through  coolers  and  scrubbers  to 
remove  the  valuable  tar  and  ammonia  which  they  contain,  and 
are  then  passed  on  to  the  Cowper  stoves,  &c. 

Amongst  the  products  of  the  blast  furnace  a  variety  of  sub- 
stances occur  which  choke  or  block  up  portions  of  the  furnace. 
Thus  in  smelting  zinciferous  iron  ores  a  compact  incrustation  of 
furnace-calamine,  consisting  chiefly  of  oxide  of  zinc,  is  found 
round  the  throat  of  the  furnace,  and  no  less  than  100  tons  of 
this  compound,  termed  "gichfcschwamm,"  are  annually  obtained 
from  iron  furnaces  near  Aix-la-Chapelle. 

An  interesting  substance  sometimes  found  in  the  blast  furnace 
is  a  cyano-nitride  of  titanium  (p.  819);  and,  in  addition  to  this, 
"  kish,"  or  graphite,  as  well  as  silicates  and  the  oxides  of  other 
metals,  occur  as  solid  deposits  in  the  furnace. 
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Varieties  of  Cast  Iron. 

542  Fused  cast  iron  usually  contains  2'2-4'5  per  cent,  of 
carbon,  and  when  the  iron  is  cooled  this  is  either  entirely, 
or  only  partly,  retained  in  combination  by  the  metal,  whilst 
the  remainder  separates  out  in  the  form  of  graphite,  its  be- 
haviour being  determined  by  the  composition  of  the  mass,  the 
conditions  of  the  process  of  manufacture,  and  the  mode  of  cool- 
ing. When  the  greater  part  of  the  carbon  separates  in  the 
form  of  graphite,  the  resulting  metal  is  known  as  grey  iron, 
whilst  when  the  whole  or  the  greater  part  of  it  is  retained  in 
combination  by  the  iron,  the  metal  is  known  as  white  iron. 
Between  these  are  several  intermediate  conditions  classed 
together  as  mottled  iron.  All  these  names  are  derived  from  the 
appearance  of  a  freshly  fractured  surface  of  the  metal,  the 
mottling  characteristic  of  the  last  class  being  caused  by  the 
occurrence  of  spots  of  grey  in  a  matrix  of  white  iron. 

When  white  iron  is  dissolved  in  hydrochloric  or  sulphuric 
acid,  various  hydrocarbons  are  formed  at  the  expense  of  the 
combined  carbon  which  it  contains,  and  these  impart  a  peculiar 
and  disagreeable  odour  to  the  hydrogen  which  is  evolved.  On 
the  other  hand,  when  grey  iron  is  treated  with  acids  the  graphite 
separates  out  in  the  form  of  black  insoluble  scales.  This  fact 
was  known  to  Bergman,  whilst  Guyton  de  Morveau  proved  that 
cast  iron  is  formed  when  wrought  iron  is  ignited  with  diamond 
powder;  and  Karsten  showed  that  cast  iron  contains  carbon 
both  in  the  combined  state  and  free  in  the  form  of  graphite, 
this  latter  remaining  behind  when  the  iron  is  dissolved  in  an 
acid.  The  graphite  can  also  be  mechanically  separated  from 
the  iron  by  sieving  (Snelus). 

Both  the  total  amount  of  carbon  present  and  the  mode  in 
which  it  occurs  depend  very  largely  on  the  other  substances 
contained  in  the  crude  iron,  whilst  these  of  course  are  deter- 
mined by  the  conditions  of  the  manufacture.  Thus  chromium 
and  manganese  favour  the  presence  of  a  large  amount  of  carbon, 
which  is  retained  in  combination  when  the  iron  cools,  whereas 
silicon  and  aluminium  diminish  both  the  total  amount  of  carbon 
present  and  the  proportion  of  it  which  remains  in  the  combined 
form.  The  way  in  which  the  metal  is  cooled  also  has  a  very 
important  influence  on  the  mode  of  occurrence  of  the  carbon, 
slow  cooling  promoting  the  crystallisation  of  graphite  and  the 
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consequent  production  of  grey  iron,  whilst  sudden  cooling  or 
chilling  favours  the  production  of  the  more  homogeneous  white 
iron.  It  is  therefore  possible,  within  certain  limits,  to  obtain 
either  grey  or  white  iron  from  a  given  mass  of  the  fused  metal, 
simply  by  altering  the  conditions  of  cooling. 

The  following  analyses  of  Cleveland  pig  ^  show  the  gradual 
variation  in  composition  from  grey  through  mottled  to  white 


iron  : 


Grey. 

Mottled. 

White. 

Carbon,  Graphitic  .    . 

3-20 

1-84 

„       Combined 

trace 

1-25 

3-05 

Silicon 

3-50 

101 

0-67 

Sulphur 

0-05 

0-32 

0-40 

Phosphorus         .    .    . 

1-67 

1-57 

l-6() 

Manganese      .... 

0-68 

0-62 

0-42 

The  properties  of  cast  iron  are  also  largely  influenced  by  the 
amounts  of  silicon,  phosphorus,  sulphur,  and  manganese  which 
are  present. 

White  Iron  is  formed  when  the  furnace  is  working  on  a 
heavy  burden  or  at  a  comparatively  low  temperature.  It  is 
very  hard  and  brittle,  and  when  fractured  presents  a  very 
close  grain.  It  melts  at  a  lower  temperature  than  grey  iron, 
is  less  liquid,  and  after  cooling  is  often  found  to  be  vesicular 
or  honey-combed  from  the  evolution  of  gas  given  off  as  the 
metal  cools. 

Grey  Iron,  on  the  other  hand,  is  produced  at  a  higher  tempera- 
ture, has  an  opened  grained  fracture  and  melts  to  a  thinner 
liquid,  being  thus  better  adapted  for  fine  castings  than  white 
iron. 

Mottled  Iron  is  intermediate  in  its  properties  between  white 
and  grey  iron. 

Spiegel  or  Specular  Iron  is  a  variety  of  white  iron  in  which 
manganese  is  present  as  an  essential  constituent,  and  contains 
a  large  proportion  of  carbon,  varying  from  3-5-6  per  cent., 
practically  all  of  which  is  in  the  combined  form.  It  is  extremely 
hard  and  brittle,  and  has  a  specific  gravity  of  7-6-7-7.  When 
the  alloy  contains  more  than  about  25   per  cent,  of  manganese 

'  Quoted  b3'  Turner,  Me.talluryy  of  Iron,  3rd  Ed.,  280. 
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it  attains  a  granular  structure  and  is  termed  ferromanganese. 
These  two  varieties  are  largely  used  in  the  manufacture  of  steel 
by  the  Bessemer  and  open  hearth  processes. 

A  series  of  analyses  of  cast  irons  is  given  in  the  table  on 
p.  1190. 

Manufacture  of  Wrought  or  Malleable  Iron. 

543  Malleable  iron  can  be  produced,  either  by  the  direct 
reduction  of  the  ore  under  such  circumstances  that  it  cannot 
take  up  sufficient  carbon,  &c.,  to  convert  it  into  cast  iron,  or 
indirectly  from  cast  iron  by  the  removal  of  carbon  and  some  of 
the  other  constituents. 

(I.)  The  Direct  Reduction  of  Malleable  Iron  from  the 

Ores. 

544  Iron  furnaces. — The  simplest  form  of  the  iron  furnace  is 
that  used  at  the  present  day  on  the  west  coast  of  India,  as  well 
as  in  the  Deccan  and  Carnatic,  and  amongst  the  hill-tribes. 
The  low-caste  Hindoos  who  work  in  iron  wander  from  place  to 
place  and  build  up  their  simple  apparatus  where  they  find  fuel 
and  ore  ;  this  latter  consisting  generally  of  magnetic  oxide  or 
brown  haematite.  The  furnaces  are  built  on  the  ground  and 
constructed  in  the  form  of  a  round  shaft  or  chinmey,  from 
2  to  4  feet  in  height,  having  a  diameter  at  the  bottom  of  from 
10  to  15  inches,  and  at  the  top  of  from  6  to  12  inches.  At  the 
lower  part  there  are  two  openings,  one  of  which  serves  for  the 
blast  and  the  other  for  the  exit  of  the  slag  which  is  formed  by 
the  silicates  contained  in  the  ore,  as  well  as  for  the  extraction  of 
the  bloom  of  iron.  The  bellows  are  usually  made  from  a  goat's 
skin  or  a  buffalo  hide,  furnished  with  bamboo  tubes.  As  soon 
as  the  furnace  is  warmed  with  charcoal,  layers  of  the  broken 
ore  and  charcoal  are  built  in  the  shaft,  and  after  from  4  to  6 
hours  a  porous  bloom  of  iron  is  obtained,  varying  in  weight 
from  5  to  30  lbs.,  and  this  is  then  worked  under  the  hammer. 
Throughout  Central  India  and  in  the  north-east  provinces  the 
manufacture  of  iron  is  somewhat  further  advanced,  the  furnaces 
being  larger  and  of  a  similar  character  to  those  which  have 
been  or  are  still  in  use  in  various  parts  of  the  world,  as  in 
Africa,  Borneo,  and  certain  parts  of  Europe.  In  many  localities 
in  England  furnaces  were  erected  on  high  ground,  so  as  to  take 
advantage  of  the  prevailing  wind  to  increase  the  draught.     The 
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word  "  hammer,"  which  frequently  occurs  in  place-names  in  the 
south  of  England,  usually  marks  the  location  of  one  of  these 
old  smelting  works  with  its  accompanying  forge.  Even  to  the 
present  day  the  direct  reduction  of  malleable  iron  from  the  ores 
is  carried  on  in  some  European  localities,  especially  in  the 
Pyrenees  and  in  certain  districts  of  Spain,  where  a  peculiar  forge, 
termed  the  Catalan  forge,  is  employed.  The  hearth  of  this 
furnace  is  about  3  feet  long,  2  feet  wide,  and  about  3  feet  deep ; 
at  one  side  is  an  opening  through  which  a  tuyere  is  placed.  The 
blast  is  supplied  by  the  air  carried  down  by  a  jet  of  falling 
water  in  a  blowing  machine  termed  a  trompe.  According  to  the 
size  of  the  hearth  the  quantity  of  ore  employed  varies  from  3  to 
10  cwt.,  and  this  requires  about  its  own  weight,  or  rather  more, 
of  charcoal,  and  yields  about  33  per  cent,  of  iron.  The  ores 
employed  are  partly  hijematite  and  partly  brown  iron  ore  or 
spathic  iron ;  the  latter  ores  are  previously  roasted  in  order  to 
expel  water  or  carbon  dioxide.  At  the  beginning  of  the  operation 
a  weak  blast  is  employed  in  order  that  the  metal  may  be  re- 
duced by  the  carbon  monoxide.  The  temperature  is  afterwards 
raised  and  pasty  masses  or  blooms  of  metallic  iron  are  obtained 
which  need  only  to  be  brought  under  the  hammer  to  yield 
marketable  bar  iron.  By  a  similar  process  the  Elba  specular 
iron  has  been  worked  up  in  Corsica  to  within  recent  times.  In 
the  United  States,  especially  in  districts  where  charcoal  is  plen- 
tiful, similar  bloomery  forges  are  still  worked  with  a  hot  blast  of 
air.  Some  of  these  forges  are  capable  of  turning  out  a  bloom  of 
300  pounds  weight  every  three  hours.  The  high  bloomery 
furnace  or  "  Stiickofen "  of  the  Germans  is  a  blast  furnace 
formerly  in  use  in  Carniola,  and  elsewhere,  for  the  direct 
production  of  iron  from  the  ore  by  reduction  with  charcoal. 
The  process  is,  however,  an  expensive  one  owing  to  the  large 
quantity  of  charcoal  needed,  and  it  has  been  superseded  by 
other  and  cheaper  methods. 

(II.)  Production  of  Malleable  Iron  from  Cast  Iron. 

545  The  change  which  occurs  in  the  conversion  of  cast  into 
malleable  iron  consists  essentially  in  the  removal  of  a  large 
proportion  of  the  carbon,  silicon,  sulphur,  phosphorus,  and 
manganese  from  the  former,  and  is  effected  by  oxidation  in 
the  presence  of  some  substance  which  can  unite  and  form 
a  fusible  slag  with  the  silica  and  phosphoric  oxide  produced. 
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As  the  removal  of  carbon,  &c,  proceeds,  the  melting  point  of 
the  iron  rises,  so  that  at  a  certain  stage  the  metal  begms  to 
solidify.  It  is  then  worked  into  a  porous  ball  or  bloom,  and 
hammered  in  order  forcibly  to  squeeze  out  the  slag  which  is 
contained  in  the  pores. 

In  the  older  processes,  the  most  important  of  which  are  the 
Styrian,  Walloon,  and  South  Wales  processes,  the  oxidation  is 
carried  out  in  open-hearth  furnaces,  similar  in  general  principle 
to  that  shown  in  Fig.  189.     The  cast  iron  is  simply  melted  on 


Fig.  189. 


the  hearth  and  exposed  to  a  blast  of  air,  by  which  it  is  partially 
oxidised.  The  oxides  of  iron  thus  produced  react  with  the 
various  constituents  of  the  cast  iron  and  convert  them  into  their 
oxides,  which  either  escape  in  the  gaseous  form  (carbon)  or 
unite  with  another  portion  of  the  oxide  of  iron  to  form  a  slag 
(silicon,  phosphorus),  whilst  the  oxide  of  manganese  unites  with 
a  portion  of  the  silica.  This  process  is  specially  adapted  for 
white  iron,  and  when  grey  iron  is  used,  the  first  melting  {refin- 
ing) simply  converts  it  into  white  iron  without  greatly  altering 
the  total  amount  of  carbon  present,  most  of  the  silicon  being  at 
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the  same  time  removed.  A  second  similar  operation  {fining)  is 
then  necessary  for  the  production  of  a  satisfactory  malleable 
iron. 

The  Puddling  Process. — In  1784  Henry  Cort  introduced  the 
puddling  process,  the  essential  feature  of  which  is  the  use  of  a 
reverberatory  furnace  instead  of  an  open-hearth  furnace  for  the 
oxidation  of  the  constituents  of  the  cast  iron.  In  the  older  form  of 
the  process  the  oxidation  was  effected  chiefly  by  the  oxygen  of  the 
air.  The  process  was  applicable  only  to  white  iron,  and  hence 
necessitated  a  preliminary  refining  of  the  metal  when  grey  iron 
was  employed.  This  was  carried  out  in  the  furnace  shown  in 
vertical  section  and  plan  in  Figs.  189  and  190.     The  metal  was 
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charged  along  with  a  sufficient  quantity  of  coke  on  to  the 
hearth  A,  and  there  melted  and  exposed  to  the  blast  from  six 
tuyeres.  When  the  oxidation  had  proceeded  far  enough  to 
reduce  the  percentage  of  silicon  to  the  requisite  point,  the 
tap-hole  was  opened,  the  iron  allowed  to  run  into  moulds,  and 
the  cast  iron  cooled  by  water.  The  refined  iron  is  highly 
crystalline,  white,  and  brittle,  the  carbon  being  present  in  the 
combined  state.  The  following  analyses  by  Abel  of  pig-iron, 
before  and  after  refining,  from  Konigshtitte  in  Silesia,  give  the 
different  percentages  of  silicon,  phosphorus,  and  sulphur,  and 
show  that  in  this  process  the  silicon  is  largely  eliminated, 
whilst  sulphur  and  phosphorus  are  less  affected;  the  total 
amount  of  carbon,  moreover,  is  not  much  altered. 
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Pig-iron.         Refined  iron. 

Silicon 4-66  0-62 

Phosphorus      0-56  052 

Sulphur 0-04  0-03 

The  slag  obtained  in  this  process,  known  as  refinery-slag, 
forms,  when  cold,  a  dark  crystalline  mass,  with  an  almost 
metallic  lustre.  It  consists  chiefly  of  ferrous  silicate,  Fe^SiO^,  in 
which,  however,  a  part  of  the  iron  may  be  replaced  by  manganese, 
calcium,  magnesium,  &c.  Not  infrequently,  distinct  crystals  of 
olivine,  (Mg,Fe)2SiO^,  have  been  found. 

The  refined  iron  was  then  melted  on  the  bed  of  a  reverbera- 
tory  furnace  and  stirred  by  means  of  iron  instruments,  so  as  to 
expose  it  thoroughly  to  the  air.  As  soon  as  the  oxidation  had 
been  carried  out  to  a  sufficient  extent,  the  metal  was  removed 
and  treated  as  already  described. 

The  Modern  Puddling  Process. — In  England  and  other 
countries  where  grey  pig  is  largely  made,  the  preliminary 
process  of  refining  has  been  done  away  with,  and  the  pig-iron 
is  at  once  submitted  to  the  operation  of  puddling  without 
previous  refining,  the  process  being  termed  "  pig-boiling." 

An  ordinary  puddling  furnace  is  shown  in  elevation,  section, 
and  plan,  in  Figs.  191,  192,  193.  The  bed  or  hearth  of  the 
furnace  (Ji)  is  supported  by  a  cast  iron  plate ;  at  each  end  of 
the  hearth,  which  is  usually  6  feet  long,  is  a  wall  built  of 
firebrick,  one  end  being  called  the  fire-bridge  (5),  and  the  other 
the  flue-bridge  {d).  The  bottom  and  side  plates  of  the  hearth 
are  lined  with  a  coating  of  tap-cinder,  which  is  heated  until  it 
becomes  soft,  and  is  then  spread  evenly  over  the  floor  of  the 
hearth.  Above  this  is  placed  a  coating  or  "  fettling  "  of  ferric 
oxide  of  about  IJ  inches  in  thickness,  and  this  is  renewed  from 
time  to  time  as  it  wears  away.  Neither  of  these  coatings  is 
shown  in  the  figures.  The  fire-bars,  which  are  sometimes 
placed  in  a  slanting  position,  are  seen  at  r,  and  the  area  of 
the  grate  should  be  from  one-half  to  one-third  of  that  of  the 
bed.  A  powerful  draught  is  obtained  by  means  of  a  brick 
chimney,  the  top  of  which  is  furnished  with  a  damper,  which 
can  be  opened  and  shut  at  will  by  the  workman  by  means  of 
a  handle,  and  thus  the  passage  of  air  through  the  furnace 
regulated.  In  some  furnaces  gas  is  employed  with  a  Siemens 
regenerator,  and  in  America,  petroleum,  or  even  the  gas  from 
the  petroleum  springs,  has  been  used  as  a  source  of  heat. 
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Fig.  191. 


Fig.  193. 


The  distinguishing  feature  of  the  modern  process  consists  in 
the  fact  that  the  iron  is  fused  in  contact  with  the  oxides  of 
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iron  which  are  present  in  the  fettling,  and  with  a  fusible  slag 
which  is  added  to  each  charge.  In  this  way  the  oxidation  of  the 
carbon,  &c.,  is  carried  out  mainly  at  the  expense  of  the  oxygen 
of  the  fettling,  and  since  an  equivalent  amount  of  metallic  iron 
is  thus  produced  the  loss  is  rendered  much  smaller.  In  some 
cases,  indeed,  the  malleable  iron  produced  weighs  more  than 
the  original  pig.  The  time  required  for  the  oxidation  is  also 
greatly  lessened,  the  whole  operation  lasting  only  two  hours. 
As  soon  as  the  charge  has  been  completely  melted,  it  is  well 
stirred,  so  that  it  is  thoroughly  exposed  to  the  action  of  the 
fettling  and  of  the  air.  It  is  then  allowed  to  cool  somewhat, 
and  well  mixed,  whilst  in  a  pasty  state,-  with  the  oxide  of  iron 
present.  This  brings  about  the  oxidation  of  the  carbon  with 
formation  of  carbon  monoxide,  probably  according  to  the 
equation  : 

Fe,p3  +  3C  =  2Fe  +  3CO, 

and  the  escape  of  this  gas  causes  the  whole  mass  to  swell  up  'or 
"  boil."  The  iron  then  gradually  subsides  a  little  into  a  porous 
mass,  or  as  it  is  termed,  "  comes  to  nature,"  and  is  worked  into 
balls  which  are  removed  from  the  furnace  and  hammered  to  get 
rid  of  the  fusible  slag  and  to  weld  the  porous  iron  into  a 
homogeneous  mass,  this  process  being  completed  by  passing  the 
metal  through  the  rolling  mill.  It  is  to  this  treatment  that 
the  characteristic  fibrous  structure  of  the  wrought  iron  is  due. 

Mechanical  Puddling  Process. — In  order  to  avoid  the  heavy 
manual  labour  necessary  in  the  ordinary  puddling  processes, 
revolving  puddling  furnaces  have  been  invented  by  Danks,  Roe,! 
and  others.  These  furnaces  are  in  use  to  a  small  extent,  but 
have  not  been  generally  adopted. 

546  The  following  analyses  made  by  J.  G.  Snelus  give  an 
idea  of  the  consecutive  chemical  changes  which  take  place  in 
the  passage  from  cast  to  wrought  iron :  {a)  is  the  mottled 
Cleveland  iron  which  was  puddled  in  the  Danks  revolving 
furnace ;  {h)  a  portion  taken  out  when  melted ;  the  composition 
ten  minutes  later  is  shown  by  (c);  after  a  lapse  of  twenty 
minutes  by  analysis  (d) ;  the  composition  of  the  bloom  is  shown 
in  (e) ;  and  of  the  puddled  bar  in  (/) ;  aC  stands  for  combined 
carbon,  and  ;8C  for  graphite  : 

1  /.  Iron  Steel  Inst.,  1906,  71,  264. 
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a 
h 
c 
d 
e 
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Fe.  aC.  eC.  Si.  P.  S.  Mn. 

93-19  1-45  1-38  1-24  1-49  Oil  063 

95-03  2-83  —  0-82  0-91  0-09  — 

96-46  2-80  —  0-20  0-58  —  — 

98-09  1-17  —  0-05  0-52  —  — 

98-40  015  —  0-09  0-45  —  — 

97-13  0-15  —  0-14  0-47  0-04  014 


It  will  thus  be  seen  that  the  silicon  is  first  burned  out  along 
with  most  of  the  manganese  and  phosphorus,  whilst  the  carbon 
afterwards  disappears. 

Almost  the  whole  of  the  phosphorus  contained  in  the  pig  is 
found  in  the  slag  or  tap- cinder  as  phosphide  and  phosphate; 
the  sulphur  is  left  in  the  cinder  as  iron  sulphide.  The  tap- 
cinder  is  rich  in  iron,  and  is  employed,  after  roasting  in  heaps, 
for  the  manufacture  of  a  common  kind  of  iron.  The  following 
analy.ses  of  tap-cinder  give  an  idea  of  the  composition  of  this 
material : 

Analyses  of  Tap-Cinder. 

Si02.  PeO.  MnO.  PejOs.  AI2O3.     CaO.  MgO.  P2O5.  S.  Analyst. 

7-71  66-32  1-29  8-27  1-63     3-91  0-34  8-07  1-78  Biley. 

11-76  58-67  0-57  17-00  2-84    288  029  427  311 

29-60  48-43  MS  17-11  1-28     0-47  0-35  134  1-61  Percy. 

547  Properties  of  Malleable  Iron. — Good  hammered  and  rolled 
bar-iron,  when  it  contains  from  0-1  to  0-25  per  cent,  of  carbon 
possesses  a  fibrous  texture,  but  when  the  amount  rises  to  0-5 
or  above  it  possesses  a  granular  or  crystalline  structure.  Fibrous 
iron  is  soft  and  possesses  a  grey  colour ;  granular  iron  is  harder 
and  has  a  dead  silvery  lustre.  The  hardness  of  iron  increases 
with  the  amount  of  carbon.  Malleable  iron  melts  at  from 
1,500°  to  1,400V  according  to  the  amount  of  carbon  which  it 
contains.  The  physical  properties  of  commercial  malleable  iron 
vary  widely,  being  largely  influenced  by  the  nature  and  amount 
of  the  impurities  which  the  iron  contains ;  thus,  for  instance, 
sulphur  imparts  to  iron  the  property  of  becoming  brittle  when 
hot,  or,  as  it  is  technically  termed,  "  red-short,"  whilst  phosphorus 
renders  iron  weak  at  the  ordinary  temperature,  when  the  iron  is 
said  to  be  "  cold-short."  Cold-short  iron  exhibits  a  peculiar 
fracture,  and  the  property  of  cold-shortness  apparently  depends 
upon  a  peculiar  crystalline  condition  of  the  iron. 

Malleable   iron   of   good  quality   should  have   a   minimum 

1  Carpenter  and  Keeling,  J.  Iron  Steel  Inst.,  1904,  65,  232. 
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tensile  strength  of  22  to  25  tons  per  square  inch  with  the  grain, 
and  18  to  20  tons  per  square  inch  across  the  grain;  it  should 
show  an  elongation  of  18  to  25  per  cent,  on  eight  inches,  and 
should  bend  nearly  double  without  fracture. 

(III.)  The  Manufacture  of  Steel. 

548  Steel  was  obtained  in  early  times  directly  from  the  ore 
in  a  similar  manner  to  malleable  iron. 
Homer  sings — 

And  as  when  armourers  temper  in  the  ford, 
The  keen-edged  pole-axe,  or  the  shining  sword, 
The  red-hot  metal  hisses  in  the  lake  ; 
Thus  in  his  eyeballs  hissed  the  plunging  stake. 

Pope's  Odyssey,  book  ix. 

These  remarks  evidently  apply  to  steel,  as  wrought  iron  cannot 
be  thus  tempered.  The  Chalybes  on  the  coast  of  the  Black  Sea 
were  renowned  for  their  ability  in  working  the  iron  ores  into 
steel,  and  the  Greek  name  for  steel,  "x^aXv-^,  appears  to  have 
been  derived  from  the  name  of  this  tribe. 

The  older  chemists  looked  upon  steel  as  a  peculiarly  pure 
form  of  iron,  and  "  Basil  Valentine,"  in  his  Last  Testament,  terras 
it  the  "hardest,  purest,  most  malleable  iron."  Lemery  held 
peculiar  views  respecting  steel.  In  his  Cours  de  Ghymie,  pub- 
lished in  1675,  he  says:  "Le  fer  est  un  m^tal  fort  poreux,  com- 
post de  sel  vitriolique,  de  soufre  et  de  terre  mal  li6  et  Aigkk 
ensemble.  On  le  r^duit  en  acier  par  le  moyen  des  cornes  ou  des 
ongles  d'animaux,  avec  lesquelles  on  le  stratifie  et  ensuite  on  le 
calcine;  ces  m.atieres  contenant  beaucoup  de  sel  volatile  qui  est 
alcali,  tuent  les  acides  de  fer  qui  tenoient  ses  pores  ou  verts,  et 
le  rendent  plus  compacte." 

Stahl  considered  iron  to  be  an  impure  metal  containing  earthy 
materials,  whilst  steel  was  the  pure  metal  saturated  with  phlo- 
giston. Similar  views  were  held  by  the  later  chemists.  Berg- 
man was  the  first  to  distinguish  chemically  between  wrought 
iron,  steel,  and  cast  iron.  He  found  that  the  first  when  dissolved 
in  acids  yielded  the  largest  quantity  of  inflammable  air,  steel 
somewhat  less,  whilst  cast  iron  gave  the  smallest  quantity; 
hence  he  concluded  that  steel  contained  less  phlogiston  than 
wrought  iron.  He  also  showed  that  cast  iron  contained  more 
graphite  than  steel,  and  this  more  than  wrought  iron,  and  hence 
he  concluded  that  cast  iron  was  converted  into  steel  by  loss  of 
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graphite  and  by  absorption  of  phlogiston,  whilst  he  supposed 
that  when  steel  was  produced  from  wrought  iron  the  opposite 
reactions  occurred.  Rinmann  in  1782  developed  similar  views, 
and  he  especially  insisted  that  malleable  iron  was  a  perfect 
metal,  and  was  converted  into  steel  by  absorption  of  phlogiston, 
but  that  this  phlogiston  was  not  the  substance  usually  thus 
designated,  but  plumbago.  In  1786  Monge,  Vandermonde,  and 
Berthollet  published  a  research  proving  that  the  difference 
between  the  various  kinds  of  iron  is  determined  mainly  by  the 
variation  in  the  amount  of  carbon  which  they  contain,  but  the 
many  doubtful  points  which  remained  were  cleared  up  only  by 
the  comprehensive  researches  of  Karsten  and  Sefstrom.^ 

As  already  explained  (p.  1172),  the  amount  of  carbon  present 
has  now  been  found  not  to  provide  a  convenient  distinction 
between  malleable  iron  and  steel,  since  specimens  of  these  may 
contain  the  same  amount  of  carbon  and  yet  possess  very 
different  properties,  owing  to  the  difference  in  their  internal 
structure. 

Steel  can  be  made  in  a  very  large  number  of  different  ways, 
the  principles  of  which  may  be  roughly  summarised  under  the 
following  heads : 

A.  Directly  from  the  ore. 

B.  From  malleable  iron. 

1.  By  simple  fusion. 

2.  By    the    direct    addition    of    carbon,   accompanied    or 

followed  by  fusion. 

3.  By  fusion  accompanied  by  the  addition  of  more  highly 

carburised  metal, 
c.  From  cast  iron. 

1.  By  the  removal  of  carbon. 

2.  By  the  addition  of  a  less  highly  carburised  metal,  such 

as  malleable  iron. 

Many  of  the  processes  actually  adopted  involve  two  or  more 
of  these  methods,  and  the  number  of  different  processes  now 
employed  is  very  large,  but  only  two  or  three  of  the  most 
important  and  typical  methods  are  here  described. 

549  The  Cementation  Process.— Sixty  years  ago  the  only 
method  by  which  steel  could  be  made  was  the  decarburisation 
of  the  cast  iron  in  the  puddling  furnace,  and  the  subsequent 

1  Percy,  Iron  and  Steel,  p.  116. 


1200 


IRON 


re-carburisation  of  the  puddled  bar  by  the  cementation  process. 
The  product  was  then  either  fused  in  a  crucible,  yielding  cast 
steel,  or  drawn  out  under  the  hammer,  whereby  tilt  steel  or 
shear  steel  was  obtained. 

The  cementation  method  of  preparing  cast  steel  is  mentioned 
by  Agricola  in  his  De  Re  Metallica,  whilst  that  for  hammered  or 
tilt  steel  was  first  described  by  Reaumur  in  1722. 

In  the  manufacture  of  steel  by  the  cementation  process 
carbon  is  added  to  the  otherwise  pure  wrought  iron.  This  is 
carried  on  in  the  furnace  shown  in  Figs.  194  and  195.     Into 


FIG.-194. 


Fig.  195. 


the  furnace  are  built  two  square  boxes  or  "converting  pots," 
G  C,  Fig  195,  of  infusible  fire-brick ;  and  in  these  are  placed 
the  bars  of  iron  which  are  to  be  converted  into  steel.  The 
flames  from  a  fire  placed  in  the  hearth  (^g)  play  round  these 
boxes.  The  iron  which  has  to  be  converted  into  steel  is  usually 
in  the  form  of  straight  bars  about  3  inches  (75  mm.)  broad, 
and  075  inch  (18  mm.)  thick,  which  are  somewhat  shorter  than 
the  converting  pot  in  which  they  are  placed.  The  interstices 
between  the  bars  when  piled  in  the  pot  are  filled  up  with 
powdered  charcoal,  technically  termed  "  cementing  powder," 
a  thick  layer  of  the  charcoal  being  placed  on  the  top  of  the 
bars,  and  the  whole  mass  plastered  over  with  grinders'  waste. 
The  total  weight  of  iron  contained  in  each  box  is  from  five 
to  six  tons.  The  fire  is  gradually  raised  to  a  full  red  heat, 
or  to  about  the   melting  point  of  copper,  and  is  maintained 
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at  this  point  for  about  seven  to  ten  days,  according  to  the 
quality  of  steel  which  is  needed.  Spring  steel  requires  seven 
days,  shear  steel  eight  days,  and  steel  for  welding  from  nine  to 
ten  days.  During  the  operation  trial  bars  are  removed  by  the 
openings  (c)  from  the  ends  of  the  chests,  and  when  it  is  found 
that  the  bar-iron  has  been  completely  converted  into  steel  the 
furnace  is  allowed  to  cool,  and  after  several  days  the  charge  is 
removed.  The  steel  bars  thus  obtained  retain  the  form  of  the 
original  iron,  but  in  physical  properties  they  differ  considerably 
from  the  original.  Thus  the  coloured  surface  of  the  fractured 
bar  of  steel  has  no  longer  the  bluish  tint  of  malleable  iron,  but 
has  acquired  a  reddish  tint,  not  very  different  from  that  of 
bismuth,  and  the  texture  has  become  distinctly  crystalline. 
The  steel  is  also  much  more  fusible  than  malleable  iron,  a 
varying  amount  of  carbon  having  been  taken  up. 

The  following  is  an  analysis  by  David  Forbes  of  cementation 
steel  made  at  Sheffield  from  Swedish  iron  : 


Combined 

Graphitic 

Carbon. 

Carbon. 

Silicon. 

Sulphur. 

Phosphorus. 

Manganese. 

0-627 

0-102 

0-030 

0005 

0000 

0-120. 

An  English  cement-steel  was  found  by  Berthier  to  contain 
1-87  per  cent,  of  total  carbon,  and  0-10  per  cent,  of  silicon,  the 
remainder  being  iron. 

A  remarkable  alteration  of  the  surface  is  likewise  noticed  in 
the  passage  of  wrought  iron  into  steel,  it  being  covered  with 
blisters  or  blebs,  and  hence  it  is  termed  blister  steel.  The  forma- 
tion of  these  blisters  is  undoubtedly  due  to  the  production  of 
gas  within  the  bar,  but  the  exact  nature  of  this  gas  is  some- 
what doubtful.  Probably  it  arises  from  the  combination  of  a 
part  of  the  carbon  with  oxygen  derived  from  particles  of  oxide 
of  iron  contained  in  the  interior  of  the  bar.  The  bars  are 
finally  cut  up,  sorted  according  to  their  quality  as  indicated  by 
the  fracture,  melted  in  plumbago  crucibles,  and  finally  cast  in 
ingots. 

Various  hypotheses  have  been  proposed  to  account  for  the 
phenomena  observed  in  the  cementation  process.  Accordmg 
to  one  view,  the  carbon  is  absorbed  from  the  exterior  and  passes 
to  the  interior  of  the  bar  partly  from  the  solid  carbon,  partly 
from  the  carbon  monoxide  formed  by  its  partial  combustion, 
and  partly  from  the  hydrocarbons  derived  from  the  hydrogen 
contained  in  the  charcoal.     The  probability  of  the  view  that  the 
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carbon  monoxide  is  the  active  agent  is  strengthened  by  the 
fact  observed  by  Graham,  that  red-hot  iron  has  the  power  of 
absorbing  from  eight  to  ten  times  its  volume  of  this  gas. 
Others  have  assumed  that  the  carburisation  is  brought  about 
rather  by  the  hydrocarbons  than  carbon  monoxide,  and  that  it 
is  especially  effected  by  the  vapours  of  the  potassium  cyanide, 
formed  by  the  action  of  potassium  carbonate  and  carbon  upon 
the  nitrogen  contained  in  the  air  still  left  in  the  boxes,  and  in 
support  of  this  hypothesis  it  is  stated  that  the  cement  powder 
loses  its  power  after  it  has  been  used  for  some  time  and  has 
lost  its  alkalis.  It  is  also  a  well-known  fact  that  the  cyanides 
of  the  alkali  metals  have  the  power  of  giving  up  carbon  to 
iron. 

It  also  appears  probable  that  the  carburisation  of  the  iron 
may  be  due  in  part,  if  not  altogether,  to  an  actual  diffusion  of 
the  solid  carbon  into  the  bars,  the  blister  steel  being  therefore 
a  "  solid  solution  "  of  carbon  in  iron.  This  phenomenon  would 
then  be  analogous  to  the  inter-diffusion  of  metals  in  the  solid 
state  which  has  been  described  by  Koberts-Austen  (p.  86). 

550  Crucible  Steel. — The  cast  steel  made  by  melting  cemented 
bars  lu  a  graphite  crucible  is  of  excellent  quality,  and  is 
employed  for  the  best  classes  of  cutlery.  Many  other  qualities 
of  steel  may  also  be  obtained  by  the  use  of  crucibles  as  already 
indicated;  iron  of  various  qualities  being  melted  with  car- 
burising  or  decarburising  materials,  or  with  iron  of  a  different 
carbon  content. 

One  of  these  processes  suggested  by  Karsten,  but  first  carried 
out  on  the  large  scale  by  Krupp  of  Essen,  consists  in  fusing 
pure  wrou-ght  iron  with  the  requisite  quantity  of  spiegel.  The 
progress  which  was  made  in  the  manufacture  of  cast  steel  by 
this  process  is  illustrated  by  the  fact  that  one  of  Krupp's  Cast 
steel  six-pounder  guns,  weighing  about  1000  kilos.,  exhibited 
in  1851,  was  considered  a  marvel,  while  in  1873  the  same  firm 
exhibited,  in  Vienna,  a  cast  steel  block  weighing  52,500 
kilograms,  for  the  purpose  of  casting  which  1,800  melting-pots, 
each  holding  thirty  kilos,  of  steel,  were  employed. 

In  other  cases  malleable  iron  is  melted  with  charcoal,  or 
with  cast  iron ;  or  again,  cast  iron  is  melted  with  iron  ore.  In 
all  cases  the  molten  metal  cannot  be  immediately  poured  into 
the  ingot  mould,  as  the  castings  produced  would  then  he 
full  of  vesicles.  It  is  therefore  allowed  to  remain  in  tranquil 
fusion   for   some   time   before   pouring,  or  ferro-aluminium  is 
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added,  and  the  metal  at  once  poured.     The  castings  are  then 
found  to  be  sound  and  free  from  vesicles. 

551  Bessemer  Steel  Process. — Since  the  year  1856  a  complete 
revolution  has  taken  place  in  the  iron  industry,  and  this  has 
been  caused  mainly  by  the  discovery  of  a  method  for  manu- 
facturing cast  steel,  on  the  large  scale,  from  cast  iron.  This 
discovery  was  made  by  Bessemer,^  and  first  communicated  in 
a  paper  read  before  the  Mechanics  Section  of  the  British 
Association,  at  its  Cheltenham  meeting,  in  1856,  and  entitled 
"The  manufacture  of  malleable  iron  and  steel  without  fuel." 
The  process  consists  in  removing  the  carbon,  silicon,  and  man- 
ganese contained  in  cast  iron  by  oxidising  them  by  means  of  a 
blast  of  air  blown  through  the  molten  metal,  the  heat  evolved 
by  the  oxidation  being  sufficient  to  keep  the  whole  in  a  liquid 
state  until  the  cast  iron  is  converted  into  steel,  which  is  thus 
effected  without  the  intermediate  laborious  and  costly  processes 
of  puddling  and  cementation.  The  first  experiments  which 
were  made  were  unsuccessful,  for  although  by  this  process  the 
carbon  and  silicon  can  be  removed,  the  phosphorus  and  sulphur 
which  are  contained  in  the  pig  remain  in  the  finished  steel, 
and  for  this  reason  the  ordinary  impure  English  cast  iron 
yielded  unsatisfactory  results.  The  case,  however,  was  other- 
wise when  the  pure  Swedish  charcoal-pig  was  used  ;  indeed, 
the  first  real  success  in  working  the  process  was  achieved  witli 
this  iron  at  the  Hogbo  Ironworks,  at  Sanviken,  and  this  was 
followed  by  the  successful  use  of  grey  iron  made  from  the 
Ulverston  heematite,  and  now  technically  known  as  Bessemer- 
pig.  Other  difficulties  then  arose  such  as  the  too  complete 
oxidation,  when  the  whole  of  the  carbon  is  burnt  out,  a  mass 
of  pasty  wrought  iron  being  produced  instead  of  liquid  steel. 
This  was  overcome  by  the  important  suggestion  made  by 
Mushet  2  of  the  addition  of  spiegel  at  the  end  of  the  operation 
in  such  quantity  as  is  necessary  for  the  conversion  of  the  whole 
of  the  wrought  iron  into  steel. 

The  oxidation  is  carried  on  in  an  egg-shaped  vessel,  termed 
the  converter  (Figs.  196-7),  made  of  wrought  iron  plates  bolted 
firmly  together  and  lined  with  an  infusible  siliceous  rock  termed 
gannister,  which  is  ground,  moistened  with  water,  and  applied  in 
the  form  of  a  paste  to  the  interior.  The  lower  portion  is  an 
interchangeable  bottom,  consisting  of  a  shallow  lower  section  of 
the  vessel  with  tuyere-box  or  wind-box  and  tuyeres,  together 

1  Patent,  Dec.  7,  1855.  No.  2768.        ^  Patent,  8ept.  22,  1856. 
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with  the  necessary  arrangements  for  fixing  these  in  their  places. 
This  bottom  is  attached  to  the  vessel  in  such  a  manner  that  the 
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narrow  space  between  it  and  the  vessel  lining  may  be  rammed 
with  plastic  gannister  by  men  working  outside  of  the  vessel,  and 
this  joint  can  be  easily  made  at  once  upon  pulling  away  the  old 
bottom.  This  arrangement  is  of  great  advantage,  inasmuch  as 
by  its  use  the  number  of  blows  per  diem  can  be  considerably 
increased.  The  pig-iron,  which  must  be  free  from  phosphorus 
and  sulphur,  is  first  melted  in  a  cupola,  and  from  five  to  twelve 
tons  of  this  run  into  the  converter,  either  directly  from  the 
cupola  or  from  an  intermediate  ladle,  the  mouth  of  the  converter 
being  lowered  to  the  proper  angle  to  receive  the  molten  metal. 
The  converter  is  then  gradually  raised  to  the  vertical  position ;  at 
the  same  time  a  moderate  blast  of  air  is  forced  through  the 
tuyeres  by  means  of  the  pipes  L  N  and  D,  the  pressure  of  the 
blast  being  afterwards  raised  to  from  eighteen  to  twenty  pounds 
per  square  inch. 

The  combustion  of  the  silicon,  manganese,  and  carbon,  as  also 
of  a  portion  of  the  iron,  then  begins,  and  the  temperature  rises  to 
a  point  sufficiently  high  to  keep  the  metal  liquid.  In  the  first 
part  of  the  blow  the  graphite  is  converted  into  combined  carbon, 
and  a  highly  siliceous  slag  is  formed,  a  portion  of  the  silica  being 
derived  from  the  lining.  When  the  first  period  is  complete,  an 
orange-yellow  flame  edged  with  blue  appears  at  the  mouth  of 
the  converter,  and  the  second  period,  termed  the  "  boil,"  then 
begins.  In  this,  the  slag  containing  oxide  of  iron  oxidises  the 
carbon,  with  formation  of  carbon  monoxide  which  escapes  through- 
out the  mass,  giving  to  it  the  appearance  of  a  boiling  liquid. 
During  this  period  particles  of  the  slag  and  molten  iron  are 
thrown  out  from  the  mouth  of  the  converter,  and  a  very  brightly 
luminous  flickering  flame  makes  its  appearance,  accompanied  by 
a  rapid  stream  of  sparks  due  to  the  combustion  of  the  particles 
of  iron.  After  the  lapse  of  from  six  to  eight  minutes  the  intensity 
of  the  action  diminishes,  the  shower  of  sparks  ceaies,  and  suddenly 
the  flame  disappears  and  is  said  to  drop.  The  whole  of  the 
carbon  has  now  been  oxidised,  and,  if  the  blast  be  left  on,  the 
combustion  is  continued  at  the  expense  of  a  portion  of  the  iron. 
Hence,  the  force  of  the  blast  is  now  lessened,  the  converter 
inclined,  then  the  blast  stopped,  and  the  requisite  amount  of 
Spiegel  or  ferromanganese  introduced  to  bring  the  steel  to  the 
requisite  degree  of  carburisation.  The  blast  is  then  turned  on 
again  for  a  few  seconds,  or  the  mixture  is  simply  allowed  to 
stand  for  a  short  time,  and  the  whole  mass  poured  out  into  the 
ladle.     After  standing  for  a  few  minutes  in  the  ladle  the  fluid 
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steel  is  cast  into  ingot  moulds,  and  the  cast  steel  worked  up 
under  the  hammer  and  in  the  rolling  mill.  The  whole  process 
lasts  from  twenty  to  thirty  minutes,  and  in  this  bimo  from  five 
to  twelve  tons  of  cast  iron  are  converted  into  nearly  the  same 
weight  of  cast  steel. 

552  The  chemical  changes  which  the  cast  iron  undergoes  in 
the  various  stages  of  the  Bessemer  process,  as  well  as  the 
composition  of  the  slags  obtained,  are  exhibited  in  the  following 
table  : 

(a)  Composition  of  the  pig-iron  used  (3,517  kilos.),  (b)  After 
the  first  period  of  twenty-eight  minutes'  blow,  (c)  After  the 
second  period  of  seven  minutes'  blow,  (d)  After  the  third  period 
of  three  minutes'  blow,  (e)  Finished  steel  (3,058  kilos.)  after 
the  addition  of  168  kilos,  of  spiegel. 

Gompositimi  of  Bessemer  Metal.     No.  1. 


(iraphite 

3-180 

— 

— 

— 

— 

Combined  carbon 

0-750 

2-465 

0-909 

0-087 

0-2,S4 

Silicon 

1-960 

0-443 

0-112 

0-028 

0-033 

Phosphorus 

0  040 

0-040 

0-045 

0-045 

0-044 

Sulpliur 

0-018 

trace 

liraoe 

trace 

trace 

Manganese  . 

3-460 

1-645 

0-429 

0-113 

0139 

Copper 

0085 

0091 

0-095 

0-120 

0105 

Iron  . 

90-507 

95-316- 

98-370 

99-607 

99-445 

Gomposition  of  Bessemer  Slag. 


a. 

I). 

c. 

d. 

e. 

Silica 

40-95 

46-78 

51-75 

46-75 

47-25 

Alumina  . 

8-70 

4-65 

2-98 

2-80 

3-45 

Ferrous  oxido 

0-60 

6-78 

5-50 

16-86 

15-43 

Manganons  oxide  . 

2-18 

37-00 

37-90 

32-23 

31-89 

Lime 

.30-36 

2-98 

1-76 

119 

1-23 

Magnesia 

16-32 

1-53 

0-45 

0-52 

0-61 

Potash 

0-18 

trace 

trace 

trace 

trace 

Soda         .       .    . 

0-14 

trace 

trace 

trace 

trace 

Siilphur    . 

0-34 

0-04 

trace 

trace 

trace 

Phosphorus 

0-01 

0-03 

0-02 

0-01 

0-01 

The  following  tables  contain  analyses  of  two  other  series  of 
samples  of  Bessemer  metal,  taken  at  the  end  of  each  period  of 
the  process.  As  in  the  first  Table,  (a)  represents  the  pig,  and 
(e)  the  finished  steel. 
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Composition  of 

Bessemer  Metal. 

No. 

2. 

a. 

6. 

c. 

d. 

c. 

Graphite     .    .    . 

2'519 

— ■ 

— 

— 

— 

Combined  carbon 

1-000 

3-040 

1-640 

0-190 

0-370 

Silicon     ... 

2-260 

0-955 

0-470 

trace 

trace 

Phosphorus 

0-073 

0-070 

0-070 

0-070 

0-059 

Sulphur 

0-107 

0-091 

0-098 

0-093 

0-090 

Manganese  . 

0-4)0 

— 

— 

— 

0-649 

Composition  of . 

Bessemer  Metal. 

No. 

3. 

a. 

h. 

c. 

d. 

e. 

Graphite 

2-070 

— 

— 

— 

— 

Combined  carbon  . 

1-200 

2-170 

1-550 

0-097 

0-566 

Silicon             

1-952 

0-759 

0-635 

0-020 

0-030 

Phosphorus 

, 

0-048 

0-051 

0-064 

0-067 

0-055 

Sulphur  .    . 

0-014 

trace 

— 

— 

— 

Manganese         .    .    . 

0-086 

— 

— 

— 

— 

Copper     

— 

— 

— 

— 

0-039 

Analyses  No.  2  were  made  by  Baker,  at  the  Atlas  "Works, 
Sheffield,  and  analyses  No.  3,  by  Snelus,  at  Dowlais. 

Converter  Gases. — Snelus  has  investigated  the  composition  of 
the  gases  issuing  from  the  converter.  When  the  charge  lasted 
eighteen  minutes  he  found  the  following  results  on  analysis  bi 
the  gases  drawn  out  at  the  times  after  the  commencement  of 
the  blow  given  in  minutes  in  the  first  horizontal  line  : 


2. 

4. 

6. 

10. 

12. 

14. 

CO^. 

10-71 

8-59 

8-20 

3-58 

2-30 

1-3 

0. 

0-92 

— 

— 

— 

— 

— 

CO 

— 

3-95 

4-52 

19-59 

29-30 

31-11 

H 

j     88-37 

{: 

0-88 

2-00 

2-00 

2-16 

2-00 

N        .    . 

86-58 

85-28 

74-83 

66-24 

65-55 

Elimination  of  Phosphorus.— It  was  at  first  supposed  that 
the  non-elimination  of  phosphorus  in  the  Bessemer  process  was 
due  to  the  high  temperature,  and  that  if  the  process  could  be 
conducted  at  a  lower  temperature,  as  in  puddling,  all  the 
phosphorus  would  be  found  in  the  slag.  Messrs.  Thomas  and 
Gilchrist  ^  and  Snelus  have,  however,  proved  that  it  is  possible 
to  eliminate  phosphorus  completely  in  the  Bessemer  process  by 
using  a  basic  lining  of  calcined  dolomite  for  the  converter 
instead  of  the  usual  siliceous  one,  phosphate  of  lime  a,nd 
•  magnesia  being  produced.  This  is  known  as  the  "  basic ''  pro- 
cess, and  is  now  largely  in  use  in  the  case  of  phosphoric  pig  ;  it 
1  /.  Iro7i  Steel  Inst.,  1879,    120, 
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constitutes  one  of  the  most  important  advances  in  metallurgy, 
since  it  renders  possible  the  direct  production  of  steel  from 
ordinary  pig-iron,  such  as  Cleveland  pig,  which  contains  com- 
paratively large  quantities  of  phosphorus. 

The  process  is  carried  out  in  the  main  like  the  ordinary  Bes- 
semer process,  but  differs  from  it  in  one  or  two  points.  A 
certain  amount  of  lime  is  placed  in  the  converter  and  heated  by 
the  combustion  of  a  small  quantity  of  coke  before  the  molten 
pig  is  run  in.  The  blow  is  then  conducted  in  the  ordinary  way, 
but  when  the  flame  has  dropped  the  blow  is  continued,  and  it  is 
in  this  "  after  blow  "  that  the  phosphorus  is  chiefly  removed- 
This  is  well  shown  in  the  following  table,  which  gives  the 
results  of  a  "  blow  "  by  the  basic  process :  (a)  gives  the  com- 
position of  the  Cleveland  pig,  (b)  after  five  minutes'  blow,  (c) 
after  ten  minutes,  (d)  after  fifteen  minutes,  («)  after  eighteen 
minutes.  As  soon  as  the  phosphorus  has  been  removed,  a 
point  which  is  indicated  by  the  appeq.rance  of  the  fracture  of  a 
small  sample  of  the  metal,  the  process  is  concluded  in  the  usual 
way  by  the  addition  of  spiegel  or  ferromanganese.  The  slag, 
which  contains  the  whole  of  the  phosphorus  in  the  form  of 
phosphate,  is  ground  and  sold  as  a  valuable  manure. 


a. 

b. 

c. 

d. 

e. 

Carbon     .    . 

3-50 

3-55 

2-35 

0-07 

trace 

Silicon     .    . 

M5 

0-50 

0  09 

trace 

000 

Manganese 

0-71 

0-56 

0-27 

012 

trace 

Phosphorus 

1-57 

1-60 

1-43 

1-22 

0-08 

Sulphur 

.   .            0-16 

014 

013 

012 

0-10 

Application  of  the  Sixctroscope  to  the  Exaviination  of  the 
Bessemer  Flame.— It  has  already  been  stated  that  the  point  at 
which  the  flame  drops  is  that  at  which  it  is  found  by  practice 
to  be  necessary  to  stop  the  blast,  but  it  is  not  always  easy  to 
hit  this  point  with  accuracy  ;  and  if  the  blow  be  stopped  a 
few  seconds  too  soon,  or  carried  on  for  a  few  seconds  too  long 
the  quality  of  the  resulting  steel  suffers.  The  application  of 
the  spectroscope  to  the  determination  of  this  point  was  made 
by  Roscoe  in  1863,i  and  has  since  been  investigated  by  Watts, 
Lielegg,  Snelus,  Hartley .^  and  others.  It  appears  from  these 
experiments  that  the  point  of  complete  decarburisation  can  be 
most  exactly  and  easily  determined  by  the  sudden  disappear- 

'  Proc   Marie h.  Phil.  Sos.,  1862-3,  3,  57. 

3  /.  Iron  Steel  Inst.,  1895,  48,  95  ;  also  1901,  60,  197. 
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ance  of  certain  absorption  bands  observed  in  the  spectrum  of 
the  flame.  These  bands,  however,  are  not  due  in  themselves  to 
carbon,  but  to  the  presence  of  the  oxides  of  manganese  (Watts), 
the  disappearance  of  this  metal  from  the  molten  steel  being 
simultaneous  with  that  of  the  carbon. 

553  Open-Hearth  Processes. — In  these  methods  a  reverbera- 
tory  furnace  is  used,  such  as  that  shown  in  section  in  Fig.  198, 
which  represents  a  12-ton  Siemens  regenerative  steel 
furnace.  The  furnace  works  on  the  regenerative  system 
exactly  as  described  on  page  580 ;  cc'  and  dd'  are  the  chambers 
used  for  absorbing  the  waste  heat  of  the  furnace  and  for 
heating  the  gas  and  air ;  k  is  the  hearth  of  the  furnace,  made 
of  infusible  siliceous  material  in  the  acid  process  and  of  dolomite 
in  the  basic  process,  the  latter  being  used  when  the  pig-iron 
contains  phosphorus. 

In  the  simple  Siemens  process  a  charge  of  pig-iron,  together 
with  scrap  iron  or  steel  when  available,  is  put  on  the  hearth  of 
the  furnace  and  melted.  When  the  charge  is  fused,  iron  ore 
in  the  form  of  hasmatite  is  added  from  time  to  time.  A  violent 
reaction  takes  place  on  the  addition  of  the  ore,  slag  first  being 
formed  by  the  oxidation  of  the  silicon  present  to  silica,  which 
combines  with  ferrous  oxide  from  the  ore. 

After  the  silicon  has  been  oxidised  and  removed,  the  metal 
"  comes  to  the  boil,"  the  carbon  present  being  oxidised  by  the 
basic  ferrous  slag,  carbon  monoxide  being  evolved  and  a  certain 
amount  of  iron  liberated.  The  end  of  the  process  is  determined 
by  the  quality  of  steel  required,  and  is  tested  by  taking  out  a 
small  sample  and  judging  by  the  fracture  obtained. 

When  the  process  is  finished,  the  metal  is  tapped  and  a 
small  amount  of  ferromanganese  added  to  deoxidise  and  re- 
carburise  it. 

Instead  of  charging  the  furnace  with  pig-iron,  liquid  metal  >  is 
sometimes  used  direct  from  the  blast  furnaces,  as  this  con- 
siderably shortens  the  time  necessary  to  work  off  a  charge. 

In  the  basic  open-hearth  process,  employed  for  making  steel 
from  phosphoric  pig-irons,  a  certain  amount  of  lime  and  lime- 
stone is  charged  in  with  the  pig,  ore,  and  scrap,  and  further 
quantities  are  added  during  the  working,  in  order  to  keep  the 
slag  basic,  the  final  slag  containing  from  40  to  50  per  cent,  of 
lime. 

1  The  use  of  fluid  metal  in  the  open-hearth  furnace,  Riley,  /.  Iron  S(ed 
Inst.,  1900,  57,  22. 
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554  Tilting  -Furnaces. — Tilting  furnaces  ^  have  been  intro- 
duced to  overcome  the  difficulties  of  tapping  large  charges 
from  the  furnaces.  Of  these  the  Wellman  rolling-furnace  is  an 
example,  in  which  the  furnace  is  a  strong  steel  shell  lined 
with  silica  bricks.  Underneath  the  body  of  the  furnace 
are  two  curved  rockers  which  roll  on  strong  steel  standards 
with  horizontal  surfaces.  When  pouring  off  slag  or  steel, 
the  furnace  is  rocked  forward  by  means  of  two  hydraulic 
cylinders  mounted  on  trunnions  at  their  lower  ends,  and  having 
the  upper  ends  of  their  piston-rods  attached  to  the  pouring 
side. 

Many  modifications  of  the  open-hearth  process  are  now  in 
use.  Among  these  may  be  mentioned  the  Bertrand-Thiel  ^  pro- 
cess, in  which  two  or  more  furnaces  are  used  to  complete  the 
operation.  As  generally  practised,  two  open-hearth  furnaces  are 
used,  preferably  placed  at  different  levels,  so  that  the  metal  can 
easily  be  transferred  from  one  to  the  other.  Both  furnaces  are 
basic-lined.  The  pig  is  charged  into  the  first  furnace  and  is 
worked  in  the  usual  way  ;  the  scrap  to  be  used  is  charged  into 
the  second  furnace  and  is  heated  up  and  oxidised ;  the  molten 
steel  from  the  first  furnace  is  then  run  into  the  second,  where  a 
vigorous  reaction  takes  place,  the  non-metals  being  rapidly 
eliminated.  By  this  process  the  time  needed  for  working  off 
a  charge  is  considerably  shortened  and  the  yield  materially 
increased,  especially  when  large  tilting  furnaces  and  molten 
iron  are  used. 

Another  important  modification  is  the  Talbot  process,^  for 
which  large  basic-lined  tilting  furnaces  are  used,  which  have  a 
capacity  of  50  to  75  tons.  The  week's  run  is  commenced  on 
Sunday  evening  with  a  charge  of  pig  and  scrap,  the  charge  being 
worked  down  to  steel  in  the  usual  way  with  ore  and  lime.  When 
this  metal  is  of  the  required  quality,  about  one-third  of  the  charge 
is  poured  off,  the  furnace  is  turned  back,  and  a  considerable 
quantity  of  oxide  of  iron  is  added  to  the  slag.  When  this  is 
thoroughly  melted,  a  charge  of  molten  pig-iron  is  run  in  to 
replace  the  amount  tapped  out.  A  vigorous  reaction  at  once 
takes  place  between  the  oxide  of  iron  in  the  slag  and  the  non- 
metals  present  in  the  iron,  with  a  great  elevation  of  temperature, 

1  Head,  J.  Iron  Steel  In-tt.,  1899,  55,  69. 
■'  Bertrand,  /.  Iron  Steel  Inst.bX,  1897,  115. 

'  The  Open-Hearth  Continuous  Steel  Process,    Talbot,  /.  Iron  Steel  Inst., 
1900,  57,  33. 
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so  that  during  this  reaction  the  gas-supply  employed  for  heating 
the  furnace  is  cut  off.  After  the  metal  has  "  boiled  "  for  ten  or 
fifteen  minutes,  the  slag  is  partly  poured  off  and  the  bath 
finished  off  with  additions  of  ore  and  lime.  About  one-third  of  the 
charge  is  again  run  off  and  the  process  is  repeated  as  before,  until 
the  end  of  the  week,  when  the  furnace  is  emptied  for  repairs. 
The  chief  advantages  claimed  for  this  process  are  a  saving  in 
fuel,  an  increase  in  output  and  yield,  and  a  saving  in  charges 
for  labour  and  furnace  repairs. 

555  Electric  furnaces  ^  are  being  used  to  a  considerable 
extent  in  the  production  of  high-class  carbon  and  special  steels 
from  cold  scrap,  and  also  in  the  refining  of  steel  from  open- 
hearth  furnaces  and  Bessemer  converters  in  order  to  improve 
its  quality.  Three  types  of  furnace  are  used  :  (1)  The  Induction. 
Furnace,  (2)  The  Resistance  and  Arc  Resistance  Furnace,  and 
(3)  The  Arc  Furnace. 

556  The  ordinary  Bessemer  ingots  are  frequently  found  to  be 
honeycombed  and  unsound  from  the  presence  of  blowholes,  and 
the  same  thing  is  found  in  all  large  steel  castings.  These 
blowholes  are  small  cavities  or  bubbles  distributed  throughout 
the  metal,  and  vary  in  size  from  visible  holes  to  microscopic 
cavities.  Many  suggestions  have  been  made  for  the  prevention 
of  blowholes,  and  one  process  largely  used  consists  in  exposing 
the  molten  steel  during  its  solidification  to  enormous  pressure 
by  means  of  hydraulic  machinery.^  Casting  under  pressure  was 
first  attempted  by  Bessemer  in  1856,  but  was  reintroduced  and 
rendered  practicable  by  Whitworth  in  1865. 

For  the  production  of  sound  castings  and  the  elimination 
of  blowholes,  silicon  and  aluminium  are  often  added  to  the 
molten  steel,  the  silicon  as  ferro-silicon  and  the  aluminium  as 
metal ;  very  little  aluminium  is  required  for  the  purpose,  and 
in  the  finished  steel  generally  only  a  trace  can  be  found.  The 
mode  of  action  of  these  substances  is  not  fully  understood. 

557  Properties  of  Steel. — The  most  characteristic  property  of 
high  carbon  steel  is  its  power  of  assuming  an  almost  adamantine 
hardness  when  quickly  cooled,  as  when  plunged  into  water. 
After  this  treatment  it  is  extremely  brittle,  almost  perfectly 
elastic,  and  so  hard  that  it  cannot  be  attacked  by  a  file.  The 
hardness  and  bittleness  may  be  practically  removed  by  anneal- 
ing, that  is  to  say,  heating  the  steel  to  a  high  temperature  and 

^  See  Harbord's  Sted,  4th  ed.,  1911,  261  et  sea. 
2  Capron,  J.  Iron  Steel  Inst. ,  1906,  69,  28. 
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then  allowing  it  to  cool  slowly,  It  may  also  be  partially 
removed  by  a  process  of  tempering  which  consists  in  heating 
the  steel  moderately  and  then  allowing  it  to  cool.  The  temper 
of  steel  depends  upon  the  heat  to  which  the  steel  is  raised,  and 
the  workman  judges  as  to  the  temperature  by  observing  the 
various  colours  which  the  surface  of  the  metal  assumes  during 
the  progress  of  the  operation.  The  tints  thus  observed  are  the 
colours  of  thin  plates  caused  by  the  different  thicknesses  of  the 
oxide  formed  on  the  surface.  When  the  requisite  tint  is  reached 
the  object  is  quickly  cooled  by  being  plunged  into  water,  brine, 
oil,  &c.  The  hardest  temper,  such  as  is  required  for  steel  for 
surgical  instruments,  lancets,  and  razors,  is  that  obtained  at  the 
lowest  temperature ;  the  tint  employed  for  this  purpose  is  that 
first  reached,  and  is  a  light-straw  colour,  the  temperature 
being  about  230°.  At  255°  a  brownish-yellow  tint  is  attained, 
and  steel  thiis  tempered  is  best  fitted  for  cold  chisels  and  shears 
for  cutting  metals.  At  265°  the  first  shade  of  purple  shows 
itself,  and  this  is  the  temper  employed  for  axes,  plane-irons, 
and  similar  tools.  A  temperature  of  277°  gives  a  purple  which 
is  the  tint  for  cutlery  and  cloth-shears,  and  for  swords  and 
watch-springs  the  metal  is  cooled  when  it  has  a  bright  blue 
colotir,  corresponding  to  a  temperature  of  288°.  At  higher  tem- 
peratures, from  290°  to  316°,  steel  assumes  a  dark-blue  colour, 
and  is  used  for  shears,  chisels,  and  especially  for  large  saws. 

The  different  degrees  of  heat  may  be  obtained  by  dipping  the 
several  articles  into  a  bath  of  carburised  oil  provided  with  a 
thermometer  and  heated  up  to  the  requisite  temperature, 
although  in  ordinary  cases  this  method  is  not  carried  out. 

Damascening  is  produced  by  repeatedly  welding,  drawing  out, 
and  doubling  up  a  bar  composed  of  a  mixture  of  steel  and  iron, 
the  surface  of  which  is  afterwards  treated  with  an  acid.  The 
surface  of  the  iron  retains  its  metallic  lustre  under  the  action 
of  the  acid,  whilst  that  of  the  steel  is  left  with  a  black,  firmly 
attached  coating  of  carbon. 

Case  hardening  is  effected  by  more  highly  carburising  the 
surface  of  soft  iron  or  steel.  Objects  of  soft  iron  are  heated 
together  with  nitrogenous  organic  matter  such  as  powdered 
charcoal,  bone-dust,  leather,  &c.,  or  potassium  ferrocyanide,  and 
thus  a  superficial  coating  of  more  highly  carburised  steel  is 
given  to  them. 

The  Harvey  process  is  of  a  similar  character,  and  is  now  applied 
to  armour  plates  in  order  to  give  them  a  hard  surface  capable 
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of  offering  resistance  to  a  modern  projectile.  This  process  is 
carried  out  by  heating  the  plate  of  mild  steel  or  nickel  steel  to 
about  the  melting  point  of  cast  iron  in  contact  with  carbonaceous 
material,  which  is  tightly  rammed  down  upon  its  surface.  When 
the  surface  of  the  plate  has  absorbed  about  1  per  cent,  of  extra 
carbon  the  plate  is  withdrawn  from  the  heating  chamber  and 
quenched  with  cold  water. 

The  following  tables  give  analyses  (by  Lambert)  of  various 
modern  steels. 

Manganese  steel  is  very  tough  and  is  largely  used  for  the 
jaws  of  rock  breakers  and  other  mining  and  mechanical 
machinery.  Nickel  is  added  to  increase  the  tenacity  and 
elastic  limit,  without  reducing  the  ductility.  Vanadium  acts  in 
a  similar  manner,  but  is  much  more  efficient,  0*2  per  cent, 
producing  the  same  effect  as  3  to  4  per  cent,  of  nickel. 
Chromium  increases  the  hardness,  whilst  tungsten  and  molyb- 
denum prevent  the  softening  effect  of  the  rise  of  temperature 
of  the  tool. 


Mild  steel  for  structural  work 

Steel  boiler  plate 

Steel  rail,  Indian  Government 
Steel  tyre,  N.  B.  Railway   . 
Steel  axle,  British  specification  . 
Casting  for  hydraulic  press 
Casting  for  ship's  stern  frame     . 

Gun  steel,  British 

Forged  shaft  for  ship's  propeller 
Double  shear  steel     .    . 
Spring  steel,  laminated,  carriage 
Tool  steel  for  heavy  work 
Steel  for  swords,  cutlasses,  &c.  . 
Die  steel  for  striking  coins  , 
Tool  steel  for  light  work       .    .    . 
Cast  steel    for    razors,   surgical 
instruments,  &c. 


0-247 
0-288 
0-420 
0-534 
0-320 
0-415 
0-393 
0-385 
0-345 
0-668 
0-645 
0-750 
0-986 
1-085 
1-274 

1-445 


Man- 
ganese. 


0-476 
0-634 
0-866 
0-902 
0-756 
0-805 
0-730 
0-648 
0-555 
0-107 
0-732 
0-468 
0-255 
0-264 
0-252 

0-305 


Silicon. 


0  063 
0-088 
0-085 
0-248 
0186 
0-310 
0-164 
0-182 
0-096 
0-055 
0-044 
0-238 
0-124 
0-133 
0-148 

0-112 


Phos- 
phorus. 


Sulphur 


0-052 
0-047 
0-074 
0-045 
0-038 
0-072 
0-055 
0-038 
0040 
0-012 
0-036 
0-021 
0-017 
0  011 
0-018 

0-014 


Copper. 


0  049 
0-048 
0-066 
0-054 
0-035 
0-060 
0-048 
0-035 
0-042 
0018 
0-032 
0-018 
0-020 
0-009 
0-012 

0-016 


0-054 
0-025 
0-049 
0-038 
0  051 

traces 
0-029 
0-055 

0-045 
0-022 

traces 


traces 


Carbon. 

Man- 
'ganese. 

Silicon; 

Phos- 
phorus. 

Sulphur. 

Special 
Element. 

Hadfield's  manganese  steel 
Ordnance  steel     ,    . 
Chrome  projectile  steel  . 
Self-hardening  tool  steel    . 
American      self-hardening 

tool  steel   .... 
Steel  for  motor-car  work  . 

0-875 
0.330 
0-807 
0-650 

0-585 
0-250 

13-330 
0-606 
0-505 
0-190 

traces 
0-378 

0-068 
0-165 
0-246 
0-608 

0-034 
0-135 

0-030 
0-029 
0-012 
traces 

0-009 
0-058 

0  047 
0-038 
0-055 
0-042 

0-014 
0-024 

Ni,   3-94 
Cr,   5-74 
W,    9-87 

Mo,  9-18 
V,  0-144 

REOALESCENCE   OF  STEEL  1215 

558  Becalescence  of  Steel. — When  ordinary  steels,  containing 
varying  amounts  of  carbon,  are  allowed  to  cool  from  a 
temperature  of  about  1000°,  it  is  found  that  at  two  or  more 
temperatures  the  regularity  of  the  cooling  is  interrupted,  an 
evolution  of  heat  taking  place  which  prolongs  the  period 
required  for  the  metal  to  cool  through  a  given  range  of 
temperature.  This  phenomenon  is  known  as  recalescence,  and 
the  temperatures  at  which  the  retardation  during  cooling  takes 
place  are  indicated  by  Arj,  Arg,  and  Ar3 ;  as  these  changes 
are  reversible,  there  is  an  acceleration  of  the  heating  on  raising 
the  temperature  of  the  steels,  and  the  temperatures  at  which 
this  acceleration  takes  place  are  indicated  by  Acj,  Acg,  and 
Acg.  These  changes  do  not  generally  take  place  at  the  same 
temperature,  the  Ac  point  often  being  30°  higher  than  the 
corresponding  Ar  point. 

The  Arg  change  ^  is  found  only  in  steels  containing  not  more 
than  0"38  per  cent,  of  carbon,  and  varies  from  900°  in  pure  iron 
io  770°  in  a  steel  of  this  composition ;  the  Ar^  change  takes 
place  at  about  770° ;  and  the  Arj  change  takes  place  at  about 
700.°  These  changes  are  not  equally  well  marked  in  all 
varieties  of  steel.  The  Arj  change  is  the  most  pronounced  and 
can  sometimes  be  observed  when  cooling  down  large  masses ; 
it  can  also  be  rendered  evident  by  allowing  a  heated  bar  of 
steel  to  cool  when  loaded  with  a  weight,  just  insufficient  to 
bend  it  when  hot.  When  the  iron  reaches  the  temperature  of 
recalescence,  it  is  seen  suddenly  to  bend. 

559  Gonstitution  of  Steel. — Two  different  views  are  held  by 
chemists  as  to  the  constitution  of  steel,  and  the  cause,  of 
hardening  and  of  recalescence.  Both  agree  in  regarding  the 
Arj  change  as  due  to  the  formation  of  carbide  of  iron,  FcgC.  All 
carbon  steels  which  are  slowly  cooled  from  above  this 
temperature  (700°)  contain  the  greater  portion  of  the  carbon  in 
the  form  of  this  carbide,  whilst  steel  which  is  suddenly  cooled 
from  a  higher  temperature  contains  scarcely  any  of  it. 

According  to  one  view  (the  "  AUotropic  ")^  the  two  changes 
Arg  and  Arg  mark  the  occurrence  of  allotropic  changes  in  the 
iron  present ;  the  metal  being  supposed  capable  of  existing  in 
three  allotropic  forms,  as  7-iron  above  Arg,  as  ;8-iron  between 
Arg  and  Ar^,  and  as  a-iron  below  Arg ;  of  these  varieties,  7-  and 
/8-irons  are  non-magnetic  (see  p.  1167).     When  heated  steel  is 

'  Carpenter  and  Keeling,  /.  Iron  Steel  Inst.,  1904,  65,  224, 

2  See  Stansfield,  /.  Iron  Steel  Ind.,  1899,  56,  169  ;  1900,  58,  317. 
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suddenly  cooled,  the  7-  or  ;S-form  persists  and  the  result  is 
a  hard  and  brittle  metal ;  if  the  temperature  be  allowed  to  fall 
below  Arg,  the  a- form  is  produced,  and  a  soft  metal  is  the  result. 
In  the  absence  of  carbon,  the  /3-form  invariably  passes  into 
the  a-condition,  even  when  suddenly  cooled,  but  carbon  has  a 
great  tendency  to  retard  this  change,  and  thus,  when  present, 
keeps  the  iron  in  the  hard  form  in  quenched  steels. 

According  ,  to  the  second  or  "  Carbon "  view,  the  re- 
calescence  at  Arg  marks  the  formation  of  an  intensely  hard 
sub-carbide  of  iron,  Fcg^C,  which  remains  unaltered  if  the  metal 
is  suddenly  cooled.  This  carbide  is  easily  decomposed  by 
dilute  acids  with  evolution  of  hydrocarbons,  and  it  is  actually 
found  that  when  hardened  steel  is  attacked  by  dilute  acids,  the 
greater  part  of  the  carbon  is  given  off  in  this  form.  If  the 
steel  is  cooled  slowly,  the  carbide  is  decomposed  at  Ar^  with 
evolution  of  heat  into  iron  and  carbide  of  iron,  FcgC,  and  a  soft 
metal  is  thus  produced  which  leaves  the  greater  part  of  its 
carbon  behind  in  the  form  of  FegC  when  it  is  acted  on  by  dilute 
acids.  The  change  at  Ar^  is  supposed  to  an  alteration  m 
the  crystallisation  of  the  iron. 

The  following  are  the  most  important  constituents  of  steel : 

Ferrite  or  pure  iron  occurs  in  trimorphic  crystals  with 
polygonal  or  rounded  boundarj^  lines  produced  by  the  inter- 
ference of  cubes  or  octahedra  forming  from  a  series  of 
centres. 

Pearlite. — ^A  definite  mixture  of  iron  and  carbide  of  iron 
FegC,  forming  the  eutectoid  (p.  84).  Pearlite  contains  0'89 
per  cent,  of  carbon  or  13  per  cent,  of  FogC ;  the  carbon  being 
molecularly  associated  with  only  about  12  per  cent,  of  the  iron; 
87  per  cent,  of  the  latter  being  in  the  free  state. 

Hardenite. — According  to  Arnold  this  constituent  also 
contains  0'89  per  cent,  of  carbon,  but  in  this  case  the  carbon  is 
associated  with  about  99  per  cent,  of  the  iron.  It  is  found  in 
quenched  steels. 

Austenite^  is  a  solid  solution  of  carbon  in  7-iron,  and  is  pro- 
duced by  quenching  steels  above  the  Arg-g-j  changes. 

Martensite  is  a  solid  solution  of  carbon  in  /8-iron,  and  is 
produced  by  quenching  steels  just  below  the  Arj  change. 

Troostite  is  a  solid  solution  of  carbon  in  a-iron,  and  is  pro- 
duced by  quenching  steels  just  below  the  Arg  change. 

Sorbite  is  an  emulsified  form  of  pearlite  in  which  the  FcgO 

'  The  constitution  of  iron-carbon  alloys,  /.  Iron  Steel  Inst.,  1906,  72,  493. 


COMPOUNDS   OF.-JRON  1217 

has  not  had  time  to  segregate.     It  is  formed  by  rapidly  cooling 
the  steel  immediately  after  the  Ar^  change. 

Sulphide  of  Iron  is  described  by  Arnold  as  occurring  in  masses 
or  as  a  mesh- work  in  manganese-free  steel  and  iron. 

Sulphide  of  Manganese  is  very  frequently  present  in  steels 
as  globules  or  cigar-shaped  masses  of  a  dull  grey  or  dove 
colour. 

Phosphide  of  Iron  was  observed  by  Stead  ^  in  1900,  and  with 
free  iron  forms  a  eutectic  similar  to  pearlite. 

Manganese  Silicate  is  very  often  present  in  steels,  some- 
times visible  to  the  naked  eye,  sometimes  only  under  the  micro- 
scope. 

Oxide  of  Iron  is  also  often  present  in  commercial  steels. 

Ghosts  are  drawn  out  segregations  of  ferrite,  high  in  sulphur, 
phosphorus,  and  sometimes  carbon,  which  appear  dark  when 
etched. 


COMPOUNDS  OF  IRON. 

Iron  and  Oxygen. 

560  Iron  forms  three  oxides. 

Iron  monoxide,  or  ferrous  oxide,  FeO, 
Magnetic  oxide  of  iron,  or  ferroso-ferric  oxide,  FcgO^, 
Iron  sesquioxide,  or  ferric  oxide,  FoaOg. 
The  last  two  oxides  occur  in  nature  as  minerals,  and  are  used 
not  only  as  ores  of  iron,  but  also  for  medicinal  purposes.  Indeed, 
rust  of  iron  (hydrated  ferric  oxide)  is  said  to  have  been  used 
as  a  medicine  by  iEsculapius,  and  Dioscorides  also  mentions 
a-Kcopia  (jbhripov,  (probably  iron-scales),  as  being  a  substance 
similar  to  rust,  but  possessing  less  active  medicinal  properties. 
Red  hsematite  was  termed  blood-stone,  and  the  same  author 
states  that  this  may  be  obtained  artificially  by  igniting  load- 
stone. Pliny  terms  iron  rust  or  scale  squama  ferri,  red  iron  ore 
hcematites,  and  loadstone  magnes,  and  describes  the  action  of  the 
latter  upon  iron.  The  reddish -yellow  and  red  oxide  of  iron  is 
called  crocus  martis  by  the  Latin  Geber.  The  later  chemists 
describe  various  methods  for  its  preparation,  and  in  1735  the 
artificially  prepared  black  oxide  was  termed  mtheops  martis.  For 
a  long  time  these  compounds  were  distinguished  only  by  their 
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Iron  and  phosphorus,  J.  Iron  Steel  Inst.,  1900,  58,  60. 
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different  medicinal  action.  The  supporters  of  the  phlogistic 
theory  considered  them  to  be  compounds  of  iron  calx  with 
various  proportions  of  phlogiston.  Thus,  for  instance,  Scheele 
in  1777  states  that  the  precipitate  which  an  alkali  produces  in 
a  solution  of  green  vitriol  when  exposed  to  the  air  gives  rise  to 
crocus  martis,  and  that  fire-air  or  oxygen  disappears.  Hence 
he  concludes  that  the  precipitated  calx  gives  up  phlogiston 
in  its  conversion  into  crocus. 

Lavoisier  distinguished  two  oxides,  asthiops  and  crocD  s.  Other 
chemists,  like  BerthoUet,  believed  that  a  large  number  of  these 
oxides  existed,  and  as  late  as  1811  the  views  of  chemists  on  this 
subject  were  much  divided.  Gay-Lussac  was  the  first  to  point 
out  that  in  addition  to  the  lower  and  higher  oxide  an  inter- 
mediate compound  exists,  and  this  conclusion  was  confirmed  by 
Berzelius. 

Ferrous  oxide  acts  as  a  basic  oxide,  yielding  the  readily  oxi- 
disable  ferrous  salts,  FeRj  (R  =  a  univalent  negative  radical),  in 
which  the  metal  is  divalent.  Ferric  oxide  acts  as  a  basic  oxide, 
yielding  the  ferric  salts,  FeRg,  in  which  the  metal  is  trivalent ; 
it  has  also  a  feeble  acidic  function,  forming  with  many  basic 
oxides  a  series  of  compounds  known  as  the  ferrites,  M^OjFejOj. 
The  magnetic  oxide  does  not  correspond  to  any  characteristic 
series  of  salts,  but  yields  a  mixture  of  ferrous  and  ferric  salt? 
when  it  is  treated  with  acids.  It  may  be  regarded  as  a  ferrous 
ferrite,  FeO.FegOg.  Salts  termed  ferrates  are  also  known 
corresponding  to  the  acidic  oxide  FeOg,  which  has  not  itself 
been  prepared. 

Iron  Monoxide,  or  Ferrous  Oxide,  FeO,  is  obtained  when 
hydrogen  is  passed  over  the  sesquioxide  heated  to  300°,  as  a 
black  powder  which  oxidises  with  incandescence  on  exposure, 
but  loses  this  property  after  it  has  remained  for  twelve  hours 
in  an  atmosphere  of  hydrogen  (Siewert).  The  reduction  of 
ferric  oxide  at  a  high  temperature  (700-1000°)  by  a  mixture 
of  hydrogen  and  steam  yields  a  product  which,  although  not 
pure,  contains  a  high  proportion  of  ferrous  oxide.^  This  com- 
pound is  formed  also  by  the  action  of  nitrous  oxide  on  metalhc 
iron  at  200°.^  When  ferrous  oxalate,  FeCaO^,  is  heated  at 
ISO'-ieO"  in  absence  of  air,  a  mixture  of  monoxide  and 
metallic  iron  remains,  as  shown  by  Liebig's  observation  that 
the  gas  evolved  consists  of  fifty-six  parts  of  carbon  monoxide 

1  Hilpert  and  Beyer,  Ber.,  1911,  44,  1608. 

■■=  Sabatier  and  Senderens,  Compt.  rend.,  3892,  114,  1429. 
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and  sixty-eight  parts  of  carbon  dioxide.  If  ferrous  oxalate  is 
added  to  boiling  caustic  potash  the  monoxide  is  obtained  as  a 
black  velvety  powder,  which  when  washed  with  water  in  the  air 
takes  up  oxygen  (Bottger). 

Ferrous  Hydroxide,  Fe(0H)2,  is  formed  when  a  pure  ferrous 
salt  is  treated  with  caustic  potash  or  soda  freed  from  air.  It  is 
a  white  powder  which,  when  washed  with  hot  water  and  ether  in 
absence  of  air,  may  be  preserved  in  an  atmosphere  of  hydrogen. 
As,  however,  it  is  difficult  to  obtain  perfect  absence  of  air,  the 
ferrous  hydroxide  is  usually  obtained  as  a  green  pulverulent 
raass.^  It  crystallises  from  solution  in  strong  caustic  soda  in  flat 
green  prisms.^ 

Ferrous  hydroxide  becomes  heated  on  exposure  to  air,  the 
mass  sometimes  becoming  incandescent  with  formation  of  sesqui- 
oxide.  It  absorbs  carbon  dioxide  rapidly,  and  dissolves  in 
acids  with  evolution  of  heat.  The  moist  hydroxide  absorbs  also 
atmospheric  oxygen,  assuming  first  a  dirty-green  colour,  and 
finally  undergoing  conversion  into  the  brown  ferric  hy- 
droxide. 

Ferrous  hydroxide  dissolves  readily  in  acids  to  form  the 
ferrous  salts,  which  are  produced  also  by  the  direct  action  of 
acids  on  metallic  iron  in  the  absence  of  oxidising  agents, 
and  by  the  reduction  of  the  corresponding  ferric  salts.  The 
anhydrous  ferrous  salts  of  colourless  acids  are  usually  colourless, 
but  the  corresponding  hydrated  salts  possess  a  pale  greenish- 
blue  tint.  The  soluble  salts  possess  a  sweet,  astringent,  ink- 
like taste.  Their  neutral  or  acid  solutions  absorb  oxygen 
slowly  with  formation  of  a  ferric  salt,  part  of  which  is  precipitated 
in  the  form  of  basic  salt  when  there  is  no  excess  of  acid 
present.  In  presence  of  alkali,  absorption  of  oxygen  occurs 
rapidly,  even  at  the  ordinary  temperature.  In  consequence 
of  the  ease  with  which  they  pass  into  a  higher  state  of 
oxidation,  the  ferrous  salts  act  as  powerful  reducing  agents, 
and  are  largely  employed  for  this  purpose,  both  in  the  laboratory 
and  in  the  workshop. 

Magnetic  Oxide  of  Iron,  Ferroso-ferric  Oxide,  or  Triferrie 
Tetroxide,  Fefi^,  occurs  in  large  masses  as  the  mineral  mag- 
netite. It  crystallises  in  octahedra,  dodecahedra,  and  other 
combinations  of  the  regular  system.  It  has  an  iron-black 
colour,  and  a  more  or  less  strong  metallic  lustre.     It  frequently 

1  Schmidt,  Annalen,  1840,  36,  101. 

2  de  Sohulten,  Compt  rend.,  1889,  109,  266. 
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occurs  in  granular  or  amorphous  masses,  and  is  found  also  in 
marshes  as  an  earthy  mass  known  as  ochreous  iron  ore  (or  in 
German  eisenmulm).  The  pure  crystallised  mineral  has  a 
specific  gravity  of  5'18,  whilst  that  of  the  granular  and  earthy 
material  varies  considerably,  inasmuch  as  it  contains  magnesia, 
lime,  and  titanic  oxide,  and  also  often  contains  the  iron  in  a 
more  highly  oxidised  condition. 

The  interesting  observation  that  this  ore  has  the  power  of 
attracting  iron,  and  that  by  contact  with  it  iron  attains  the 
same  polar  magnetic  properties,  was  made  at  an  early  date. 
According  to  some,  the  name  is  derived  from  a  certain 
Magnes,  who  was  the  first  to  observe  this  property,  whilst 
according  to  others  the  name  is  derived  from  Magnesia,  a 
town  in  Lydia  also  called  Heraclea,  where  the  mineral  was 
first  found.  The  latter  explanation  would  seem  to  be  the 
more  probable,  inasmuch  as  Plato  and  Theophrastus  termed 
magnetite  the  Heraclean  stone.  Ferroso-ferric  oxide  does  not 
always  possess  the  magnetic  properties  exhibited  by  loadstone, 
although  attracted  by  the  magnet. 

When  iron  is  heated  to  redness  in  the  air  it  becomes  coated 
with  an  iron  scale.  This  is  a  mixture  or  a  compound  of  the 
monoxide  and  sesquioxide  in  varying  proportions.  The  inner 
layer,  which  is  blackish-grey,  porous,  brittle,  and  attracted  by 
the  magnet,  has  the  composition  6FeO,Fe203,  and  is  not 
magnetic.  The  outer  layer  contains  a  large  quantity  of  ferric 
oxide,  is  of  a  reddish  colour,  and  is  more  strongly  attracted  by 
the  magnet  than  the  inner  portion.  When  iron  is  quickly 
burnt  in  oxygen  or  in  the  oxy-hydrogen  blowpipe,  the  oxide 
which  is  formed  varies  in  composition  according  to  the  con- 
ditions of  the  experiment,  although  it  approaches  the  composition 
of  the  magnetic  oxide ;  the  occurrence  of  this  oxide  has  also  been 
observed  in  smelting  operations. 

Magnetic  oxide  is  obtained  when  excess  of  steam  or 
carbon  dioxide  is  passed  over  red-hot  iron,  but,  on  the  other 
hand,  when  the  oxides  of  iron  are  heated  in  a  current  of 
hydrogen  or  of  carbon  monoxide  in  excess,  they  are  reduced  to 
metal.  Pure  ferroso-ferric  oxide  may  be  prepared  by 
reducing  ferric  oxide  at  400°  by  a  mixture  of  hydrogen  and 
steam.i  When  the  black  oxide  is  dissolved  in  hydrochloric  acid, 
or  when  a  mixture  of  a  ferrous  and  ferric  salt  is  dissolved  in 
the  right  proportions,  and  caustic  alkali  added  to  the  solution, 
'  Hilpert  and  Beyer,  Ber.,  1911,  44,  1608. 
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a  black  precipitate  is  obtained  which  dries  to  a  brownish-black 
brittle  mass  giving  a  dark  brown  powder  unalterable  in 
the  air.  This  hydroxide  contains  about  7  per  cent,  of  water, 
and  corresponds  to  the  formula  Fe(OH)2,Fe20g.  It  is  attracted 
by  the  magnet,  and  may  in  this  way  be  separated  from  any 
admixed  sesquioxide. 

Iron  Sesquioxide,  or  Ferric  Oxide,  FejOg,  is  one  of  the  most 
important  ores  of  iron,  occurring  as  red  haematite,  and  as 
specular  iron,  crystallising  in  rhombohedra  and  scalenohedra, 
possessing  a  steel-grey  colour.  It  also  occurs  under  the  ijame 
of  micaceous  iron  in  thin  red  translucent  scales.  This  mineral 
is  found  in  large  quantity  and  in  splendid  crystals  in  the  Island 
of  Elba,  of  which  Virgil  ^  says  :  "  Insula  inexhaustis  chalybdum 
generosa  metallis."  The  crystals  have  a  specific  gravity  of  5"19 
to  5'2.5.  The  mineral  martite  is  also  a  pure  ferric  oxide  which 
crystallises  in  the  same  form  as  magnetic  oxide,  and  is  probably 
a  pseudomorph  of  this  mineral. 

Ferric  oxide  can  be  prepared  artificially  in  various  ways.  It 
is  formed  by  igniting  the  hydroxide  or  any  ferric  salt  containing 
a  volatile  acid,  as  a  steel-grey  crystalline  powder,  which,  like  all 
other  kinds  of  iron  sesquioxide,  gives  a  brownish-red  powder 
when  finely  triturated,  and  has  a  specific  gravity  of  517.  It 
may  be  obtained  in  small  crystals  by  the  action  of  the  vapour 
of  ferric  chloride  on  heated  lime  (Daubr^e),  or  by  fusing  ferric 
oxide  and  borax  together  and  treating  the  cooled  mass  with 
hot  dilute  hydrochloric  acid;  also  by  passing  a  slow  steady 
stream  of  hydrogen  chloride  over  the  strongly  ignited  oxide 
(Deville).  Artificial  micaceous  iron  is  prepared  by  heating  a 
solution  of  ferrous  sulphate  and  copper  sulphate  together  for 
ten  hours  at  a  temperature  of  210°  (Wibel).  Ferric  oxide  has 
also  been  observed  in  the  crystalline  state  as  a  product  in 
smelting  operations,  whilst  crystals  having  the  form  of  specular 
iron  have  been  found  in  iron  rust  from  a  building  some  700  to 
800  years  old.  The  ignited  and  natural  ferric  oxides  dissolve 
only  slowly  in  acids,  the  best  solvent  being  a  boiling  mixture  of 
eight  parts  of  sulphuric  acid  and  three  parts  of  water.  Ordinary 
ferric  oxide  is  only  very  slightly  paramagnetic  and  is  not 
attracted  by  a  small  horse-shoe  magnet.  It  has,  however,  been 
obtained  in  a  more  strongly  magnetic  form  by  the  oxidation  of 
ferrous  hydroxide,^  and  Liversidge  has  described  specimens  of 
rust,  which,  although  free  from  metallic  iron  and  from  ferrous 
*  ^n.  3c,  17-34.  ^  Malaguti,  Compt.  rend.,  1862,  55,  350, 
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oxide,  are  strongly  magnetic.  Heated  in  the  electric  furnace,^ 
or  in  the  oxy-hydrogen  flame,^  ferric  oxide  forms  the  magnetic 
oxide.  The  freezing  point  of  ferric  oxide,  in  an  atmosphere  of 
oxygen,  is  1562-1565°.' 

In  addition  to  its  use  as  an  iron  ore,  ferric  oxide  is  of  service 
in  a  variety  of  other  ways.  Thus,  the  residue  left  in  the 
process  of  distilling  fuming  sulphuric  acid  from  green  vitriol 
(Vol.  I.,  p.  437),  termed  colcothar  or  caput  mortuum  vitrioli,  is 
used  largely  as  an  oil-paint  and  also  as  a  polishing  powder ;  the 
least  calcined  portions,  which  are  of  a  scarlet  colour,  are  used 
as  jewellers'  rouge,  whilst  the  more  calcined  portions,  which 
have  a  bluish  tint,  are  termed  crocus,  and  are  employed  for 
polishing  brass  or  steel.  Noteworthy  also  is  the  employment  of 
ferric  oxide  as  catalyst  in  the  contact  process  for  the  manu- 
facture of  sulphuric  acid.* 

Hydrates  of  Ferric  Oxide. — A  very  large  number  of  different 
hydrates  of  ferric  oxide  have  been  prepared,  or  exist  naturally 
as  minerals,  but  the  exact  constitution  of  many  of  these  is 
uncertain.  Brown  haematite  or  limonite  has  the  composi- 
tion 2Fe203,3H20,  gothite  FcgOg.HgO,  and  hydrohsematite 
SFejOgjHjO,  all  three  being  crystalline. 

Muck  ^  and  Tommasi  ^  obtained  red  hydrates  by  the  precipi- 
tation of  ferric  salts  with  alkalis,  and  yellow  hydrates  by  the 
oxidation  of  moist  ferrous  hydroxide  or  carbonate.  By  drying 
these  at  different  temperatures  Tommasi  obtained  various 
products  which  he  regarded  as  definite  hydrates,  but  van 
Bemmelen ''  has  shown  that  all  the  "  red "  hydrates  are  in 
reality  colloidal  substances,  the  amount  of  water  retained 
by  them  being  dependent  only  on  the  pressure  of  the  aqueous 
vapour  in  the  atmosphere  with  which  they  are  in  equili- 
brium. 

When  freshly  prepared  red  ferric  hydroxide  is  heated  with 
water  under  a  pressure  of  about  5,000  atmospheres,  it  is 
converted  into  definite  hydrates  agreeing  in  composition  with 

1  Moissan,  Compt.  rend.,  1892,  115,  1034. 

^  Read,  Journ.  Ghem.  Soc,  1894,  65,  314. 

^  Kohlmeyer,  Metallurgie,  1909,  6,  323. 

^  Lunge  and  Pollitt,  Zeit.  angew.  Ghem.,  1902,  15,  1105;  Lunge  and 
Reinhardt,  ibid.,  1904,  17,  1041;  Keppeler  and  others,  ibid.,  190B,  21,  532, 
577;  Zeit.  physikal.  Ghem.,  1908,  62,  89. 

»  Zeit.  Ghem.,  1868,  [2],  4,  41. 

«  Ber.,  1879,  12,  1929,  2334. 

1  Mec.  trav,  chim.,  1889,  7,  37, 
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the  naturally  occurring  minerals.^  Between  30°  and  42-5° 
limonite  is  formed,  between  42'5°  and  62-5°  gothite,  and  above 
62'5''  hydrohsematite.  Under  similar  conditions  the  water 
content  of  the  yellow  hydrate  obtained  by  the  oxidation  of 
ferrous  hydroxide  or  carbonate  scarcely  alters  between  40°  and 
70°,  from  which  it  would  appear  that  this  substance  is  not  a 
true  colloid. 

Iron  rust,  when  completely  oxidised,  is  found  to  have  a 
composition  very  close  to  that  of  limonite,  viz.  2Fe203,3H20  ; 
freshly  formed  rust,  however,  usually  contains  considerable 
quantities  of  ferrous  hydroxide  and  carbonate.^  Arsenious  acid 
forms  an  adsorption  compound  with  freshly  precipitated  ferric 
hydroxide  * :  the  latter  substance,  therefore,  can  be  employed  as 
an  antidote  in  cases  of  arsenical  poisoning. 

Ferric  hydroxide  dissolves  readily  in  acids  to  form  the 
ferric  salts,  which  may  be  obtained  also  by  the  action  of 
oxidising  agents  on  the  corresponding  ferrous  salts.  In  the 
anhydrous  state  they  are  generally  colourless ;  in  the  hydrated 
state  they  are  yellow  or  brown.  The  soluble  ferric  salts  possess 
a  peculiar  astringent  taste,  and  they  pass  readily  by  reduction 
into  the  corresponding  ferrous  compounds. 

Soluhle  Ferric  Hydroxide. — When  freshly  precipitated  ferric 
hydroxide  is  added  to  a  solution  of  ferric  chloride  it  dissolves, 
forming  a  dark-red  solution  of  basic  ferric  chloride,  which  may 
also  be  obtained  by  adding  ammonium  carbonate  to  a  solution 
of  ferric  chloride  until  the  precipitate  first  formed  no  longer 
redissolves.  On  dialysis  of  these  solutions,  hydrochloric  acid 
and  ferric  chloride  first  pass  through  the  membrane,  and  finally 
hydrochloric  acid  alone,  leaving  ferric  hydroxide  in  solution 
in  the  dialyser  (Graham).  It  is  not  possible,  however,  to  remove 
all  chlorine  in  this  manner  ;  thus  after  210  days  the  composition 
of  the  residual  solution  was  found  to  correspond  to  the  formula 
82Fe(OH)3,FeCl3.*  According  to  Tribot  and  Chretien,^  the  last 
portions  of  chlorine  may  be  removed  by  subjecting  the  liquid 
to  electrolysis,  the  colloidal  solution  being  placed  in  a  porous 
cell  containing  the  cathode,  the  outer  cell  containing  water,  which 
is  frequently  renewed. 

^  Ruff,  Ber.,  1901,  34,  3417.     Compare  Fischer,  Zeit.  anorg.    Chem.,  1910, 
66,  37. 

2  Moody,  Journ.  Ohem.  Soc,  1906,  89,  720. 

3  Biltz,  Ber.,  1904,  37,  3138. 

^  Linder  and  Picton,  Journ.  Ohem.  Soc,  1905,  87,  1920. 
'  Oompt.  rend.,  1905,  140,  144, 
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The  solution  usually  gelatinises  after  a  time,  and  this  may 
be  brought  about  rapidly  by  the  addition  of  an  electrolyte  ^  or 
by  electrolysis,  when  the  gelatinous  hydroxide  separates  at  the 
cathode.  Hydrochloric  acid,  nitric  acid,  sugar  and  alcohol  do 
not  bring  about  gelatinisation,  but  this  is  effected  by  traces  of 
alkalis  and  of  many  acids.  A  similar  solution  may  be  obtained 
by  the  dialysis  of  the  acetate,  bromide,  and  other  salts.  This 
soluble  hydroxide  or  hydroxychloride  is  used  as  a  medicine 
under  the  name  of  Liquor  Ferri  Dialysati. 

Soluble  Meta-ferric  Hydroxide,  FegO^Hj. — This  substance  was 
discovered  by  P6an  de  St.  Gilles.^  It  is  formed  when  solu- 
tions of  certain  iron  salts  containing  monobasic  acids  are 
heated  for  a  length  of  time,  and  is  precipitated  from  these 
solutions  as  a  brown  ochreous  powder  by  the  addition  of  a  small 
trace  of  sulphuric  acid.  Meta-ferric  hydroxide  is  insoluble  in 
concentrated,  but  dissolves  in  dilute  acids,  forming  solutions 
which  exhibit  the  same  optical  properties  as  that  of  the  hydroxide 
itself 

Ferric  hydroxide  forms  a  compound  with  sugar,  which  is 
soluble  in  water.  This  fact  is  of  great  importance  to  the  sugar 
refiners,  as  this  compound  destroys  the  crystallising  power  of 
sugar,  and  therefore  increases  the  quantity  of  molasses  formed. 
Hence  raw  sugar  ought  not  to  be  brought  into  contact  with  iron, 
and  the  "  char "  employed  for  the  decolorisation  of  the  sugar 
should  be  as  free  as  possible  from  the  compounds  of  this  metal. 

561  Ferric  hydroxide  has  feebly  acidic  properties,  and  com- 
bines with  strong  bases  to  form  unstable  salts,  termed  ferrites. 
The  compounds  formed  with  the  basic  monoxides  such  as  lime 
are  analogous  to  ferrosoferric  oxide,  FejOgjFeO,  which  they 
resemble  in  being  magnetic. 

Alkali  Ferrites. — Solutions  of  potassium  and  sodium  ferrites 
are  formed  by  boiling  solutions  of  the  corresponding  ferrates, 
oxygen  being  evolved  ;  the  solution  on  standing  deposits  crystals 
of  the  ferrite,  but  these  are  very  unstable  and  quickly  decompose 
when  removed  from  the  alkaline  liquid.  A  similar  solution  is 
obtained  by  boiling  ferric  hjsdroxide  with  concentrated  caustic 
soda.^  Sodium  ferrite  is  produced  also  when  ferric  oxide  is 
heated  with  sodium  carbonate  to  bright  redness,  carbon  dioxide 

^  See  Freundlich,  Zeit.  physikal.  Ghem.,  1903,  44,  131. 
^  Ann.  Ghim.  Phya.,  1856,  [3],  46,  47.  See  also  Scheurer-Kestner,  ihid.,  1859, 
[3],  57,  23;  Debray,  Compt.  rend.,  1869,  68,  913. 

'  Haber  and  Pick,  Zeit.  Elektrochem. ,  1901,  7,  215,  724, 
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being  evolved.      This  reaction   is    made  use  of  in  the  Lowig 
'  process   for    the    manufacture    of   caustic   soda   from   sodium 
carbonate  (p.  317). 

Calcium  Ferrite,  FojOgjCaO. — This  compound  is  obtained 
when  an  intimate  mixture  of  190  parts  of  ferric  oxide  and  66 '5 
parts  of  lime  is  heated  to  whiteness  in  a  platinum  vessel  for 
several  hours.^  It  forms  a  brittle  mass  of  interlaced  acicular 
crystals  exceeding  an  inch  in  length,  with  a  dark  metallic  lustre 
and  magnetic  properties.  When  ground  it  yields  a  brown 
powder,  which  is  obtained  also  by  precipitating  a  solution  of 
ferric  chloride,  as  nearly  neutral  as  possible,  with  lime  water 
or  saccharate  of  lime,  and  igniting  the  precipitate.  Other 
calcium  ferrites,  containing  different  proportions  of  the  two 
oxides,  have  also  been  prepared.^ 

Magnesium  Ferrite,  Fe203,MgO,  occurs  in  nature  crystallising 
in  black  octahedra  as  magnoferrite,  and  is  obtained  artificially 
by  the  ignition  of  a  mixture  of  the  two  oxides  in  a  current  of 
hydrogen  chloride,  or  by  the  precipitation  of  a  mixture  of  ferric 
chloride  and  magnesium  chloride  with  a  quantity  of  caustic  soda 
insufficient  to  throw  down  the  whole.  Many  analogous  com- 
pounds can  be  prepared  in  a  similar  way.^ 

Zinc  Ferrite,  Fe203,ZnO,  was  obtained  by  Ebelmen  in  black 
octahedra,  by  strongly  igniting  both  oxides  together  with  boron 
trioxide.     The  mineral  franklinite  has  a  similar  composition. 

562  Ferric  Acid,  HgFeO^. — This  compound,  like  manganic 
acid,  is  not  known  in  the  free  state.  In  the  year  1702  Stahl 
noticed  that  when  iron  is  fused  with  saltpetre  and  the  solid 
mass  lixiviated,  or  when  a  solution  of  iron  in  nitric  acid  is  added 
to  concentrated  potash-ley,  an  amethyst  or  purple-red  coloured 
solution  is  formed.  Exactly  a  century  afterwards  Eckeberg 
published  his  memoir  on  "Yttria,"  in  which  he  states  that  when 
gadolinite  is  fused  with  potash  and  the  fused  mass  extracted 
with  water,  the  solution  possesses  a  dark  purple-red  colour,  due 
to  iron  and  not  to  manganese.  The  potassium  ferrate  formed 
under  these  circumstances  was  more  carefully  examined  by 
Fremy.*  It  is  prepared  by  igniting  iron  filings  or  iron  oxide 
with  saltpetre  or  caustic  potash,  or  a  mixture  of  both.  The 
formation  of  the  compound  may  be  readily  shown  by  heating  a 
mixture  of  one  part  of  powdered  iron  with  two  parts  of  saltpetre 

"  Percy,  Phil.  Mag.,  1873,  [4],  45,  455. 

2  Hilpert  and  Kohlmeyer,  Ber.,  1909,  42,  4.581. 

'  List,  Ber.,  1878,  11,  1512.  *  /.  Pharm.,  1841,  27,  97. 
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in  a  small  glass  bulb,  over  a  Bunsen  burner.  After  a  few 
minutes  the  mass  becomes  red-hot,  and  when  cold  the  residue 
is  dissolved  in  water.^  The  purple  solution  is  obtained  also  by 
passing  chlorine  through  a  strong  solution  of  caustic  potash  in 
which  ferric  hydroxide  is  suspended  (Fremy). 

Ferrates  are  readily  produced  also  by  the  electrolytic  oxida- 
tion of  iron  in  caustic  potash  or  soda  solution.  When  iron  is 
used  as  anode  in  concentrated  caustic  potash  or  soda  solution 
and  a  low  current  density  employed,  all  varieties  of  iron  yield 
ferrate,  but  the  yield  is  greatest  with  cast  iron,  smallest  with 
wrought  iron,  and  increases  with  the  temperature.  The  best 
yield  is  obtained  by  immersing  two  large  iron  plates  in  con- 
centrated alkali  at  70°  and  making  these  alternately  cathode 
and  anode,  the  reversal  taking  place  four  times  per  minute. 
The  iron  plates  become  passive  during  the  process.^ 

The  concentrated  potassium  ferrate  solution  is  almost  black, 
and  on  addition  of  more  potash  deposits  a  reddish-brown  pre- 
cipitate, which  is  very  unstable,  but  may  be  preserved  by 
drying  on  a  porous  plate  and  sealing  in  a  glass  tube.  As 
already  mentioned,  the  solution  decomposes  on  boiling,  with 
evolution  of  oxygen  and  formation  of  a  yellow  solution  of 
potassium  ferrite,  from  which  ferric  hydroxide  readily  separates. 
Nitric  acid  and  sulphuric  acid  yield  a  ferric  salt  with  evolution 
of  oxygen,  whilst  with  hydrochloric  acid  chlorine  is  evolved. 

Barium  Ferrate,  BaFe04,H20,  is  the  most  stable  of  the  salts, 
and  is  obtained  in  the  form  of  a  dark-red  powder  by  pre- 
cipitating a  solution  of  the  potassium  or  sodium  salt  with 
barium  chloride.  It  is  fairly  stable,  and  yields  a  red  solution 
with  acetic  acid.  It  is  not  decomposed  hj  dilute  sulphuric  acid 
in  the  cold,  but  at  once  yields  ferric  and  barium  salts  with 
hydrochloric  and  nitric  acids,  with  evolution  of  chlorine  and 
oxygen  respectively.^ 

Iron  and  Hydrogen. 

563  Metallic  iron  absorbs  from  0-5  to  I'O  volume  of  hydrogen 
when  heated  in  the  gas,*  and  in  a  similar  manner  hydrogen  is 
occluded  when  dilute  sulphuric  acid  is  electrolysed  with  iron 

1  Hofmann,  Ber.,  1869,  2,  239. 

2  Haber  and  Pick,  Zeit.  Elektrochem. ,  1901,  7,  215,  712,  724. 
2  Baschieri,  Oazz.,  1906,  36,  ii,  282. 

*  See  Sieverts,  Zeit.  physilcal.  Chem.,  1911,  77,  591, 
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electrodes.  Electrolytically  deposited  iron  always  contains 
hydrogen  when  a  high  current  density  is  used.  The  presence 
of  hydrogen  renders  the  iron  harder  and  more  brittle,  but  it  is 
readily  evolved  on  heating,  the  iron  then  resuming  its  original 
properties. 

By  the  action  of  zinc  ethyl,  Zn(C2H5)2,  on  anhydrous  ferrous 
iodide  in  presence  of  ether,  Wanklyn  and  Carius  found  that  a 
mixture  of  ethylene,  ethane,  butane,  and  hydrogen  is  evolved, 
and  that  the  residue  on  washing  with  ether  yields  a  metallic 
powder  resembling  iron,  which  evolves  hydrogen  on  heating 
and  is  decomposed  by  water  with  evolution  of  hydrogen,  leaving 
a  residue  of  metallic  iron  and  ferrous  oxide.^  It  appears 
probable  that  this  product  contains  a  definite  compound  of 
hydrogen  and  iron,  but  further  investigation  of  the  product  is 
necessary  to  prove  this  supposition. 

Iron  and  the  Halogens. 

564  Ferrous  Fluoride,  FeFg,  is  obtained  in  colourless  or  greenish 
prisms,  FeF2,8H20,  by  dissolving  iron  in  hydrofluoric  acid 
and  evaporating ;  these  crystals  decompose  when  gently  heated, 
leaving  the  anhydrous  salt ;  this  is  formed  also  when  iron  or 
ferric  chloride  is  heated  in  dry  hydrogen  fluoride,  and  crys- 
tallises in  colourless  rhombic  prisms. 

Ferric  Fluoride,  FeFj,  is  obtained  by  dissolving  the  hydroxide 
in  hydrofluoric  acid,  colourless  crystals  of  2FeF3,9H20  separat- 
ing out  from  the  colourless  solution*  on  evaporation.  The 
anhydrous  salt  may  also  be  prepared  in  a  similar  way  to  the 
ferrous  compound.  It  does  not  fuse  even  at  1000°,  and  forms 
ferric  oxide  when  heated  in  the  air.^ 

Several  double  salts  with  the  alkali  fluorides  are  known. 

Ferroso-ferric  Fluoride,  Fe3Fg,10H2O,  has  been  described.^ 

Ferrous  Chloride,  FeClg,  is  obtained  by  passing  chlorine  over 
iron  filings  (Th^nard),  but  as  a  small  quantity  of  ferric  chloride 
is  generally  formed,  even  when  an  excess  of  iron  is  present,  it  is 
preferable  to  pass  hydrogen  chloride  over  iron  filings  or  iron 
wire  heated  to  redness  (Wohler  and  Liebig),  or  to  reduce  ferric 
chloride  by  heating  it  in  a  stream  of  pure  hydrogen.     Ferrous 

1  Annakn,  1861,  120,  74. 

2  Poulenc,  Compt.  rend.,  1892,  115,  941,  Cpmpare  Reooura,  Oompt.  revd.„ 
1912,  154,  655. 

3  Peussen,  Monatsh.,  1907,  28,  163, 
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chloride  is  deposited  in  colourless  shining  scales,  which,  accord- 
ing to  Senarmont,  are  six-sided.  It  has  a  specific  gravity  of 
2'528  (Filhol),  and  is  very  deliquescent,  dissolving  readily  in 
water  and  alcohol.  It  fuses  at  a  red  heat,  and  volatilises  at  a 
yellow  heat,  when  its  vapour  has  a  specific  gravity  of  6"38-6"67,^ 
whilst  at  1300-1500°  it  acquires  the  normal  value  of  4'3.^ 

When  heated  in  the  air  it  oxidises  to  ferric  chloride,  which 
volatilises,  ferric  oxide  remaining  behind  : 

12FeCl2  -I-  3O2  =  SFeCls  -t-  2Fe203. 

When  heated  in  a  current  of  steam,  magnetic  oxide  is  formed : 

SFeCl^  -I-  4H2O  =  Fefi^  -f  6HC1  +  H^. 

When  iron  is  dissolved  in  hydrochloric  acid,  and  the  solution 
concentrated  in  absence  of  air,  bluish  transparent  monoclinic 
crystals  of  FeCl2,4Il20  are  obtained ;  these  have  a  specific 
gravity  of  1"93,  and  deliquesce  and  become  greenish  coloured 
on  exposure  to  the  air,  but  effloresce  at  ordinary  temperatures 
when  kept  over  oil  of  vitriol.  If  a  solution  of  this  salt  is 
evaporated  with  sal-ammoniac  in  absence  of  air,  and  the  solid 
mass  is  heated  in  a  flask  'until  the  whole  of  the  sal-ammoniac 
is  volatilised,  the  residue  is  anhydrous  ferrous  chloride. 
Hydrates  with  1,  2,  and  6  HjO  have  also  been  obtained.  Like 
other  soluble  ferrous  salts,  the  solution  of  ferrous  chloride  absorbs 
nitric  oxide,  forming  a  dark,  greenish-brown  solution,  possibly 
containing  the  unstable  compound  FeCla.NO  (p.  1242).  The 
anhydrous  chloride  readily  absorbs  ammonia  with  evolution  of 
heat  and  formation  of  a  white  powder  (Faraday),  which  has  the 
composition  FeCl2,6NH3,  gives  off  ammonia  at  100°,  and  at 
higher  temperatures  yields  ammonium  chloride,  iron  nitride, 
and  nitrogen.^ 

Ferroso-ferric  Chloride,  Fe3Cl8,18H20.— Magnetic  oxide  of 
iron  dissolves  readily  in  concentrated  hydrochloric  acid,  forming 
a  yellow  liquid,  which  on  concentration  over  sulphuric  acid 
deposits  the  above  salt  in  opaque  yellow  deliquescent  crystalline 
crusts. 

Ferric  Chloride,  FeClg. — The  aqueous  solution  of  this  salt  was 
known  to  Glauber  under  the  name  of  oleum  martis.  He  ob- 
tained it  in  the  dry  state  by  dissolving  iron  in  hydrochloric 

1  Meyer,  Ber.,  1884,  17,  1335. 

=  Nilaon  and  Pettersson,  Journ.  Ghem.  Soc,  1888,  53,  827. 
^  Fowler,  Journ.  Chem,  Soc,  1901,  79,  288,     Compare  Girardet,  Bull,  Soc, 
Mm.,  1910,7,  1028. 
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acid  and  evaporating  the  solution  in  a  flask :  "  In  fiindo  there 
remains  a  blood-red  massa,  which  is  as  hot  to  the  tongue  as 
fire.  It  must  be  well-kept  from  the  air,  otherwise  it  liquefies 
to  a  yellow  oleum." 

Anhydrous  ferric  chloride  is  obtained  by  heating  iron  wire  in 
a  current  of  dry  chlorine  gas  at  a  moderate  red  heat,  when  rapid 
combination  with  ignition  takes  place,  ferric  chloride  being 
deposited.  It  is  produced  also  when  hydrogen  chloride  is  passed 
over  heated  amorphous  ferric  oxide,  and  is  not  infrequently 
found  in  the  craters  of  volcanoes. 

Ferric  chloride  forms  iron-black  iridescent  plates,  or  some- 
times large  hexagonal  tablets,  which  exhibit  a  red  colour  by 
transmitted  light,  and  a  green  metallic  lustre  by  reflected  light. 
It  is  very  deliquescent,  and  easily  soluble  in  water,  alcohol,  and 
ether.  It  volatilises  readily  even  at  448°,  and  its  vapour  density 
at  that  temperature  is  less  than  is  required  by  the  formula 
FcjClg.  Hence  its  molecular  formula  is  probably  FeClg^ 
(see  p.  32).  At  higher  temperatures  it  decomposes  into  ferrous 
chloride  and  chlorine.  When  dissolved  in  boiling  alcohol  or 
ether  it  appears  to  have  a  molecular  weight  corresponding  to 
the  formula  FeClg.^ 

Ferric  chloride  forms  with  ammonia  at  the  ordinary  tempera- 
ture the  compound  FeCl3,6NH3,  which  loses  2NH3  at  100°,  and 
decomposes  at  higher  temperatures,  yielding  ammonium  chlo- 
ride. It  also  absorbs  nitrosyl  chloride,  yielding  a  dark-coloured 
deliquescent  compound,  FeClgjNOCI,  and  unites  with  nitric 
oxide  at  the  ordinary  temperature  to  form  several  unstable 
compounds,  whilst  at  higher  temperatures  it  is  reduced  by  the 
gas  to  ferrous  chloride.^  When  heated  in  a  current  of  steam 
it  is  decomposed  into  ferric  oxide  and  hydrogen  chloride,  and 
when  heated  in  oxygen,  chlorine  is  evolved,  ferric  oxide 
remaining.  Anhydrous  ferric  chloride,  intimately  mixed  with 
calcium  and  heated  to  dull  redness,  yields  metallic  iron.* 

For  the  purpose  of  obtaining  a  solution  of  ferric  chloride,  the 
hydroxide  may  be  dissolved  in  hydrochloric  acid  and  the  liquid 
evaporated  in  order  to  drive  off  excess  of  acid,  or  a  solution  of 
ferrous  chloride  may  be  heated   with  the  requisite  quantity  of 

1  Grunewald  and  Meyer,  Ser.,  1888,  21,  687.  Compare  Friedel  and  Crafts, 
Oompt.  rend.,  1888,  107,  301. 

2  MuUer,  Compt.  rend. ,  1894,  118,  644. 

'  Season,  Oompt.   rend.,   1889,  108,  1012;  Thomas,  ibid.,  1895,  120,  447; 
121,  128. 
*  Hackspill,  Bull.  Soc.  chim.,  1907, 1,  895. 
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hydrochloric  acid  and  the  heated  solution  oxidised  by  addition 
of  nitric  acid.  A  solution  of  ferric  chloride  is,  however,  best 
prepared  by  dissolving  iron  wire  in  hydrochloric  acid,  as  de- 
scribed under  the  preparation  of  ferrous  chloride,  and  then 
passing  chlorine  into  this  solution  until,  after  standing  for  some 
time,  it  smells  strongly  of  the  gas.  The  excess  of  chlorine  is 
then  displaced  by  passing  a  current  of  carbon  dioxide  through 
the  warm  liquid.  A  concentrated  solution  of  ferric  chloride  has 
a  dark-brown  colour  and  an  oily  consistency.  On  dilution  it 
becomes  limpid,  and  has  a  slightly  yellow  colour. 

Four  different  hydrates  of  ferric  chloride  have  been  described 
by  Roozeboom;!  FeClg.GH^O,  melting  at  37°;  2FeCl3,7H20, 
melting  at  32-5° ;  2FeCl3,5H20,  melting  at  56° ;  and  FeClg, 
2H2O,  melting  at  73'5.°  Solutions  which  contain  more  iron 
than  corresponds  to  the  formula  FeCl3,2H20  deposit  the 
anhydrous  salt  when  evaporated  above  the  temperature  of  66°. 
A  deliquescent  compound,  FeCl3,HCl,2H20,  is  formed  by 
the  action  of  hydrochloric  acid  on  the  pentahydrate,  whilst 
similar  compounds  with  4H2O  and  6S.fi  are  also  known.^  The 
aqueous  solution  of  the  normal  chloride  is  decomposed  on 
heating,  the  more  easily  the  more  dilute  the  solution  is,  an 
insoluble  oxychloride  or  soluble  ferric  hydroxide  being  produced 
according  to  the  concentration  of  the  liquid.^ 

The  solutions  of  ferrous  and  ferric  chlorides  have  long  been 
used  in  medicine.  An  alcoholic  solution  of  ferric  chloride  was 
formerly  employed  as  a  quack  medicine  of  repute,  known  by  the 
name  of  Lamotte's  golden  drops.  This  solution  loses  its  colour 
when  exposed  to  light,*  ferrous  chloride  being  formed,  the  latter 
compound  separating,  when  the  solution  is  not  too  dilute,  in  fine 
green  crystals,  FeCl2,2H20. 

Ferric  chloride  forms  garnet-red  crystalline  double  salts  with 
the  chlorides  of  the  metals  of  the  magnesium  and  alkaU 
groups,  such  as  FeCl3,MgCl2,H20 ;  FeCl3,2KCl,H20 ;  and 
FeClg,2NH^Cl,H20.  These  are  decomposed  by  water,  and  a 
mixture  of  the  last  salt  with  an  excess  of  sal-ammoniac 
is  termed  iron  sal-ammoniac ;    it    was    formerly   obtained  by 

I  Zeil.  physikal.  Chem.,  1892,  10,  477. 

^  Sabatier,  Bull.  Soc.  chim.,  1881,  [2],  36,  197;  Roozeboom  and  Sohreine- 
makers,  Zeit.  physikal  Chem.,  1894,  15,  588. 

"  Compare  Malfitano  and  Michel,  Compt.  rend.,  1907,  145,  185,  1275;  1908, 
146,  338;  1908,  147,  803  ;  Michel,  ibid.,  1908,  147,  1052,  1288  ;  Cameron  and 
Robinson,  /.  Physical  Chem.,  1907,  11,  690. 

*  See  Benrath,  J.  pr.  Chem.,  1905,  72,  220  ;  1909,  80,  283. 
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sublimation  of  a  mixture  of  iron  oxide  and  ammonium  chloride, 
and  is  mentioned  by  "  Basil  Valentine."  Iron  sal-ammoniac 
crystallises  in  yellow  or  bright-red  transparent  regular  crystals 
from  a  dilute  solution  of  ferric  chloride ;  these  contain  a 
varying  amount  of  iron,  and  rapidly  absorb  moisture  from  the 
air. 

Iron  OxycMorides. — These  compounds  are  formed  in  various 
ways.  Some  are  soluble,  whilst  others  are  insoluble  in  water. 
When  freshly  precipitated  ferric  hydroxide  is  added  to  a  solution 
of  ferric  chloride,  it  dissolves  in  considerable  quantity,  and  a 
dark  red  liquid  is  obtained,  which,  to  one  molecule  of  chloride, 
may  contain  twenty  or  more  molecules  of  oxide,  and  this  on 
dialysis  furnishes  Graham's  soluble  oxide.  These  solutions  may 
be  diluted  or  warmed  without  any  precipitation  of  ferric  oxide. 
Many  acids  and  salts,  however,  precipitate  either  ferric  hy- 
droxide or  a  basic  chloride  from  these  solutions,  which  latter  is 
again  soluble  in  water.  If  ferric  chloride  be  incompletely  pre- 
cipitated with  alkalis,  a  precipitate  is  obtained,  which  is  soluble 
in  water  when  it  does  not  contain  more  oxide  than  is  indicated 
by  the  formula  FeClg,5Fe(OH)3. 

Insoluble  basic  ferric  chlorides  are  formed,  in  the  first  place 
by  the  oxidation  of  ferrous  chloride  in  the  air ;  secondly,  by 
roasting  iron  in  the  presence  of  hydrochloric  acid  or  a  chloride ; 
and,  thirdly,  by  boiling  a  solution  of  ferric  chloride  for  some 
time.  The  composition  and  colour  of  these  salts  vary  according 
to  the  mode  of  preparation.  They  are  generally  sparingly 
soluble  in  hydrochloric  acid. 

Ferrous  Bromide,  FeBrj. — ^When  bromine  vapour  is  passed 
over  iron  heated  to  dull  redness,  heat  is  evolved,  and  a  yellow- 
ish crystalline  deposit  of  ferrous  bromide  is  formed  (Liebig). 
An  aqueous  solution  of  ferrous  bromide  can  easily  be  obtained 
by  dissolving  iron  in  hydrobromic  acid  ;  on  crystallising,  bluish- 
green  rhombic  tablets  are  deposited,  having  the  composition 
FeBr2,6H20  (Lowig). 

Ferric  Bromide,  FeBrg. — This  is  obtained  in  the  form  of  dark- 
red  crystals  by  heating  iron  in  an  excess  of  bromine  vapour. 
When  heated  in  absence  of  air  it  fuses,  and  a  part  may  be  sub- 
limed without  decomposition,  another  portion,  however,  being 
decomposed  into  ferrous  bromide  and  free  bromine.  The  bro- 
mide deliquesces  on  exposure  to  air,  and  the  solution,  which  may 
be  simply  obtained  by  dissolving  the  hydroxide  in  hydrobromic 
acid,  decomposes  on  evaporation,  with   formation  of  insoluble 
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basic  bromides.  Like  the  chloride,  the  solution  of  the  bromide 
dissolves  ferric  hydroxide  readily  with  formation  of  soluble 
oxybromides.  It  forms  double  salts  with  certain  of  the  alkali 
bromides. 

An  unstable  ferric  chlorobromide,  FeCl2Br,  is  formed  by  the 
direct  union  of  ferrous  chloride  and  bromine.^ 

Ferrous  Iodide,  Felj,  is  obtained  by  triturating  iodine  with  a 
slight  excess  of  iron  filings,  or  by  heating  the  latter  in  a  covered 
porcelain  crucible  to  redness,  small  quantities  of  iodine  being 
gradually  added ;  as  soon  as  the  whole  mass  becomes  red-hot,  a 
large  quantity  of  iodine  is  thrown  in,  and  the  crucible  is  heated 
until  iodine  vapour  ceases  to  be  given  off.  On  allowing  the 
crucible  to  cool  it  is  found  that  a  further  evolution  of  iodine 
vapour  takes  place,  probably  owing  to  the  fact  that  the  fused 
mass  contains  an  unstable  ferric  iodide,  which  decomposes  on 
cooling.  The  solid  residue  is  a  grey  lamino-crystalline  mass, 
which  melts  at  177°.^  If  a  mixture  of  iodine  and  iron  filings  be 
warmed  with  water,  these  elements  combine  with  evolution  of 
heat,  and  a  colourless  aqueous  solution  of  ferrous  iodide  is 
obtained,  which  on  exposure  to  the  air  oxidises  readily  with 
separation  of  iodine.  This  decomposition  is  prevented  by  the 
addition  of  sugar.     Ferrous  iodide  crystallises  with  SHgO. 

Ferric  Iodide  does  not  appear  to  exist. 

Ferrous  FercMorate,  Fe(C104)2,6Il20,  is  the  only  iron  salt  of 
the  oxy -acids  of  chlorine  which  is  stable  in  the  solid  state.  It 
is  obtained  by  the  double  decomposition  of  ferrous  sulphate  and 
barium  perchlorate  (Serullas),  or  by  dissolving  iron  in  dilute 
perchloric  acid  (Roscoe).  It  forms  pale-green  deliquescent 
crystals,  which  give  off  water  at  100°,  and  decompose  at  a 
higher  temperature. 

Iron  and  Sulphur. 

565  Iron  Monosulphide,  or  Ferroics  Sulphide,  FeS,  occurs  as 
troilite  in  small  quantities  in  many  meteorites,  and  is  formed 
readily  by  the  direct  union  of  the  elements.  Iron  wire  burns 
in  sulphur  vapour  with  a  bright  light,  and  a  roll  of  sulphur 
penetrates  red-hot  wrought  iron  and  steel,  but  not  cast  iron, 
with  formation  of  the  molten  sulphide.^  In  order  to  prepare 
this  substance  a  mixture  of  three  parts  of  iron  filings  and  two 

'  Lenormand,  Compt.  rend.,  1893,  116,  820. 

2  Wanklyn  and  Carius,  Annalen,  1861,  120,  69. 

'■>  Evain,  Ann.  Cliim.  Phys.,  1824,  [2],  25,  106. 
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parts  of  sulphur  is  thrown  gradually  into  a  red-hot  crucible. 
The  porous  black  mass  obtained  melts  at  a  higher  temperature, 
with  separation  of  sulphur,  if  any  higher  sulphides  have  been 
formed,  but  as  a  rule  the  artificial  sulphide  contains  an  excess 
of  iron,  and  this  is  removed  by  heating  with  excess  of  sulphur. 
For  the  preparation  of  the  monosulphide,  Berzelius  recommends 
Gahn's  process,  namely,  stirring  a  white-hot  rod  of  iron  in 
molten  sulphur.  The  sulphide  which  is  formed  fuses  and  falls 
to  the  bottom  of  the  crucible.  The  operation  is  continued  as 
long  as  any  free  sulphur  remains. 

Pure  monosulphide  of  iron  is  a  yellowish  crystalline  mass, 
having  a  metallic  lustre,  and  melting  at  1300°.^  It  has  a 
specific  gravity  of  4'89,  is  not  magnetic,  and  does  not  lose 
sulphur  when  ignited  in  an  atmosphere  of  hydrogen,  or  when 
raised  to  a  white  heat  in  absence  of  air.  It  is  readily  decom- 
posed by  hydrochloric  and  dilute  sulphuric  acids,  forming 
sulphuretted  hydrogen,  and  is  used  as  a  source  of  this  gas  in 
the  laboratory.  When  heated  in  the  air  it  oxidises,  being 
converted  partly  into  ferrous  sulphate,  whilst  at  a  high  tempera- 
ture sulphur  dioxide  and  ferric  oxide  are  formed.  Ammonium 
sulphide  precipitates  ferrous  sulphide  from  solutions  of  ferrous 
salts  as  a  black  amorphous  hydrated  mass. 

If  seven  parts  of  iron  filings  and  four  parts  of  sulphur  are 
rubbed  up  to  a  paste  with  water  a  black  sulphide  is  produced 
with  evolution  of  heat.  In  this  form  it  oxidises  very  quickly  in 
the  air  vnth  rise  of  temperature  which,  when  the  mixture  is 
in  large  quantity,  may  lead  to  incandescence.  Hence,  according 
to  Leinery,  artificial  volcanoes  may  be  formed  if  several  pounds  of 
the  above  mixture  be  buried  in  the  earth.  The  black  amor- 
phous sulphide  is  formed  also  by  the  reduction  of  ferric  oxide 
or  its  salts  in  presence  of  sulphates  and  decomposing  organic 
matter.  This  is  the  cause  of  the  black  deposit  found  in  drains, 
as  well  as  in  the  excrement,  when  iron  is  used  as  a  medicine. 

Ircm  Sesquisulphide,  or  Ferric  Sulphide,  FcgSg,  does  not  occur 
pure  in  the  mineral  kingdom,  but  probably  forms  a  constituent  of 
magnetic  pyrites  and  copper  pyrites.  It  is  obtained  by  the 
action  of  ammonium  sulphide  solution  on  a  solution  of  a  ferric 
salt,  so  long  as  alkali  is  in  excess,^  but  if  the  ferric  salt  be  in  ex- 

'  Treitsehke  and  Tammann,  Zeit.  anorg.  chem.,  1906,  49,  320.  Compare 
Allen,  Crenshaw,  Johnston,  and  Larsen,  Amer.  J.  Sci.,  1912,  33,  169. 

2  See  Stokes,  J.  Amer.  Ohem.  Soc,  1907,  29,  304:  Malfatti,  Zeit.  anal. 
Chem.,  1908,  49,  133. 
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cess  a  mixture  of  ferrous  sulphide  and  sulphur  is  formed.  It  is 
produced  also  by  the  action  of  sulphuretted  hydrogen  on  ferric 
hydroxide  in  presence  of  traces  of  ammonia,  and  is  therefore  the 
chief  product  formed  in  the  purification  of  coal-gas  from  sul- 
phuretted hydrogen  (Vol.  I.,  p.  871),  as  this  gas  always  contains 
small  quantities  of  ammonia.^  In  the  dry  way  it  is  formed  by 
gently  heating  sulphur  and  iron  together,  as  well  as  by  the 
action  of  sulphuretted  hydrogen  on  ferric  oxide  at  a  temperature 
not  above  100°.  The  sulphide  obtained  at  a  red  heat  forms  a 
yellow  non-magnetic  mass  which  has  a  specific  gravity  of  4'4, 
and  is  decomposed  by  dilute  hydrochloric  acid  into  sulphuretted 
hydrogen,  ferrous  sulphate,  and  iron  disulphide.  Iron  sesqui- 
sulphide  forms  compounds  with  the  other  sulphides.^ 

Potassium  Ferric  Sulphide,  K2Fe2S^,  is  obtained  when  iron 
filings,  sulphur,  and  potassium  carbonate  are  heated  together, 
and  the  residue  is  extracted  with  water.  The  purple-coloured 
glistening  needle-shaped  crystals  thus  obtained  have  a  specific 
gravity  of  2'863,  and  burn  when  heated  in  the  air,  but 
when  ignited  in  a  current  of  hydrogen  are  converted  without 
change  of  form  into  the  black  compound,  KjFojSg. 

Sodium  Fe7'ric  Sidphide,  Na2Fe2S^,4H20,  is  obtained  in  a 
similar  way  and  forms  brown  microscopic  needles.  It  is  found 
in  the  "  black  ash  "  liquors  obtained  in  the  manufacture  of  soda 
by  the  Leblanc  process  (p.  297). 

Silver  Ferric  Sulphide,  Ag^Fe^S^,  is  a  dark  brownish-black 
crystalline  powder  obtained  by  the  action  of  silver  nitrate  solu- 
tion on  the  potassium  compound. 

Cuprous  Ferric  Sulphide,  Cu2S,Fe2S3,  occurs  as  the  mineral 
copper  pyrites. 

Magnetic  pyrites  maybe  regarded  as  a  compound  of  the  mono- 
and  sesqui-sulphides.  Its  composition  varies  between  5FeS, 
Fe2S3  and  GFeS.FegSg.  It  crystallises  in  hexagonal  plates, 
usually,  however,  occurring  in  the  massive  state,  having  a 
brownish-yellow  or  brassy  colour;  it  is  attracted  by  the 
magnet,  sometimes  being  itself  magnetic.  Its  specific  gravity 
varies  from  4-4  to  47,  and  it  frequently  contains  as  much  as 
5-6  per  cent,  of  nickel,  the  latter  metal  being  obtained  in 
Canada  from  this  source  in  considerable  quantities. 

Iron  Bistdphide,  FeS2,  occurs  very  widely  distributed  as  iron 

'  Gedel,  J.  fur  Oasbeleuchtung,  1905,  48,  400:  Stokes,  loc.  cit. 
^  Schneider,  Pogg.  Ann.,  1869,  136,  460;  PreU,   /.  pr.    Chem.,  1869,107, 
10  ;  Malfatti,  Zeit.  anal.  chem. ,  1909,  48,  3.52. 
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pyrites.  This  mineral  was  known  in  early  times,  but  was  not 
distinguished  from  copper  pyrites,  both  being  known  under  the 
name  of  ttv/sitt;?.  Agricola  considered  these  as  two  varieties  of 
the  same  mineral. 

Iron  pyrites  is  found  in  all  geological  formations  ;  it  crystallises 
usually  in  cubes  or  pentagonal  dodecahedra,^  but  occurs  also 
in  many  other  forms  and  combinations  of  the  regular  system, 
no  fewer  than  sixty-nine  different  forms  having  been  described. 
It  is  frequently  found  in  spherical,  botryoidal,  or  stalactitic 
masses,  being  formed  by  the  action  of  organic  matter  on  water 
which  contains  iron  sulphate  in  solution.  Hence  it  is  frequently 
found  in  peat  and  coal  in  crystalline  masses  often  possessing  the 
form  of  the  original  organic  matter,  such  as  wood,  roots,  &c. 
It  is  likewise  found  in  chalk  cliffs,  in  similar  concretionary 
forms. 

In  the  pure  state  iron  disulphide  has  a  brass-yellow  colour,  and 
a  specific  gravity  of  5'185.  It  is  very  hard,  giving  sparks  when 
struck  with  steel,  for  which  purpose  it  was  formerly  employed. 
Iron  disulphide  occurs  also  as  radiated  pyrites  and  marcasite 
forming  bright  brass-coloured  rhombic  crystals  with  a  specific 
gravity  of  4'68  to  4'85.  This  also  is  widely  diffused,  and  occurs 
in  various  forms,  especially  in  lignite  beds.  Iron  disulphide  may 
be  obtained  artificially  by  gently  heating  the  monosulphide  with 
sulphur,  or  by  passing  sulphuretted  hydrogen  over  the  oxides 
or  chlorides  of  iron  heated  to  redness.  When  an  intimate 
mixture  of  ferric  oxide,  sulphur,  and  sal-ammoniac  is  heated 
slowly  above  the  temperature  at  which  the  latter  compound 
volatilises,  the  disulphide  is  obtained  in  small  brass-yellow 
octahedra  and  cubes  (Wohler).  Crystalline  pyrites  is  formed  also 
when  carbon  disulphide  vapour  acts  upon  heated  ferric  oxide 
(Schlagdenhauffen),  and  when  ferric  chloride  is  heated  with 
phosphorus  pentasulphide.^  Iron  pyrites  and  marcasite  may  be 
produced  artificially  also  by  the  action  of  hydrogen  sulphide  on 
ferric  sulphate  solution.^  Iron  disulphide  is  not  magnetic  and 
is  not  attacked  by  dilute  acids  or  sulphuric  acid,  but  readily 
dissolves  in  nitric  acid  with  separation  of  sulphur.  There  is 
some  evidence  showing  that  the  iron  in  iron  pyrites  is  in  the 
ferrous  condition.* 

'  See  Poschl,  Zeit.  Kryst.  Min.,  1911,  48,  572 

^  Glatzel,  Ber.,  1890,  23,  37. 

'  Allen,  J.  Washington  Acad.  Sci.,  1911,  1,  170. 

*  Benedek,  Ztit.   Kryst.  Min.,  1910,  48,  447;  Plummer,  /.  Amer.  Ohem. 

Soc,  1911,  33,  1487. 
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Iron  Subsulphide,  Fe^Sg,  is  formed  when  iron  is  heated  in  the 
vapour  of  carbon  disulphide,  as  a  crystalline  mass  of  specific 
gravity  6'957.  It  dissolves  in  dilute  acids  with  evolution  of 
hydrogen  and  sulphuretted  hydrogen.^ 

Ferrous  Sulphite,  FeSOg. — When  iron  is  dissolved  in  aqueous 
sulphurous  acid  in  absence  of  air,  no  gas  is  evolved,  and  the 
solution  contains  ferrous  sulphite  and  ferrous  thiosulphate  : 

2Fe  +  3H2SO3  =  FeSOg  +  FeS^Og  +  SB.fi. 

The  latter  salt  is  a  very  soluble  one  ;  the  first,  however,  is  only 
slightly  soluble,  so  that  after  a  short  time  it  is  deposited  in 
colourless  or  greenish  crystals.  When  freshly  precipitated 
ferric  hydroxide  is  dissolved  in  sulphurous  acid,  a  red  solutionis 
obtained,  which  quickly  becomes  decolorised  with  formation  of 
ferrous  sulphite,  whilst,  on  the  other  hand,  a  solution  of  ferrous 
sulphite  becomes  red  on  exposure  to  the  air.^ 

Ferrous  Sulphate,  or  Green  Vitriol,  FeSO^jTH^O,  was  probably 
used  by  Geber.  Agricola,  in  his  discourse  De  re  Metallica, 
mentions  two  kinds  of  pyrites.  The  one,  such  as  coal-brasses, 
decomposes  spontaneously  and  yields  a  vitriol ;  whilst  the  other, 
as  the  ordinary  Mason's  pyrites,  does  so  only  when  it  is  roasted. 
Its  preparation  by  dissolving  iron  in  sulphuric  acid  was  described 
by  "Basil  Valentine"  in  his  Treatise  on  Natural  and  Super- 
natural Things :  "  Take  oleum  vitrioli ;  dissolve  therein  mars, 
and  prepare  a  vitriol  from  it."  In  his  last  volume  he  describes 
the  method  for  preparing  sulphide  of  iron  and  for  obtaining 
vitriol  from  it:  " Limaturam  ferri  and  sulphur  ana  calcined 
in  a  potter's  furnace  until  it  becomes  tinted  purple;  then 
pour  upon  this  distilled  water,  when  a  fine  green  liquid  is 
formed.  Draw  this  off  ad-  tertias,  allow  it  to  deposit,  and  thus 
obtain  an  artificial  vitriol."  Green  vitriol  occurs  as  the  mineral 
melanterite,  either  crystalline  or  in  fibrous  stalactitic  forms, 
but  generally  massive  and  pulverulent.  It  is  usually  derived 
from  the  decomposition  of  pyrites  or  marcasite.  Ferrous 
sulphate  is  likewise  frequently  found  in  solution  in  drainage 
water  from  mines,  and  it  is  manufactured  on  a  large  scale  from 
this  source.  Large  quantities  of  green  vitriol  (about  100  tons 
per  week)  are  manufactured  in  South  Lancashire  from  the 
pyrites  occurring  in  the  coal  measures.  These  are  piled  up  in 
heaps   and  exposed  to  the   atmosphere.     The   soluble  ferrous 

'  Gautier  and  Hallopeau,  Compt.  rend.,  1889,  108,  806. 

^  See  also  Seubert  and  Blten,  Zeit.  anorg.  Ohem.,  1893,  4,  44. 
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sulphate,  together  with  the  excess  of  sulphuric  acid  formed,  runs 
into  underground  tanks,  where  the  excess  of  acid  is  removed 
by  means  of  scrap  iron.  On  evaporating  the  liquor  large 
crystals  of  ferrous  sulphate  are  obtained.  Ferrous  sulphate  is 
formed  also  as  a  by-product  in  the  manufacture  of  copper 
sulphate  or  blue  vitriol  (p.  435).  The  commercial  salt  not 
infrequently  contains  traces  of  copper  sulphate,  and  this  may  be 
detected  and  separated,  as  was  pointed  out  by  Vigani,  so  long 
ago  as  1683,  by  leaving  the  solution  in  contact  with  metallic 
iron  until  the  whole  of  the  copper  is  precipitated.  Another 
common  impurity  is  ferric  sulphate  ;  this  may  be  removed  by 
recrystallisation,  but  zinc  sulphate,  manganese  sulphate,  and 
other  salts  cannot  thus  be  got  rid  of  Hence  when  chemically 
pure  ferrous  sulphate  is  needed  it  is  best  to  treat  an  excess  of 
iron  wire  with  dilute  sulphuric  aoid.  When  the  evolution  of 
hydrogen  has  ceased,  the  liquid  is  boiled  together  with  the  un- 
dissolved portion  of  the  wire,  filtered,  and  evaporated  to  crys- 
tallisation. 

Ferrous  sulphate  forms  well-defined  monoclinic  crystals  with 
a  specific  gravity  of  1'889  at  4°  (Joule  and  Play  fair),  but  is 
dimorphous,  often  crystallising  in  rhombic  prisms,  which  are 
isomorphous  with  zinc  sulphate.  These  are  obtained  when  a 
crystal  of  zinc  sulphate  is  thrown  into  a  supersaturated  solution 
of  the  ferrous  salt,  but,  on  the  other  hand,  if  a  crystal  of  copper 
sulphate  be  employed,  triclinic  crystals  having  the  composition 
FeSO^,5H20  are  obtained  (Lecoq  de  Boisbaudran).  When 
ferrous  sulphate  is  heated  in  a  vacuum  to  140°,  it  yields  a  white 
powder  of  the  monohydrate,  FeSO^HgO,  and  this,  when  gently 
heated  in  absence  of  air,  yields  the  anhydrous  salt,  FeSO^. 
Exposed  to  the  air,  the  heptahydrate  gradually  loses  water  and 
becomes  converted  into  basic  ferric  sulphate. 

Up  to  100°  there  are  three  hydrates  which  are  successively  in 
stable  equilibrium  with  the  aqueous  solution,  namely,  the 
heptahydrate,  stable  from  — 1'82°  (the  eutectic  point)  to  56'6°, 
the  tetrahydrate,  from  56"6°  to  64-4°,  and  the  monohydrate, 
above  the  latter  temperature.^  The  solubility  at  various  tem- 
peratures, in  grams  of  anhydrous  ferrous  sulphate  per  100  grams 
of  saturated  solution,  is  as  follows : 


0° 

10° 

20° 

40° 

54° 

64° 

77° 

90° 

13-5 

170 

21-0 

28-7 

34-3 

35-7 

31-5 

27'2. 

1  Franokel,  Ze.it.  anorg.  Chem.,  1907,  55,  223. 
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In  addition  to  those  already  mentioned,  hydrates  with  GHjO, 
SHjO,  and  2H2O  have  been  described. 

Ferrous  sulphate  is  insoluble  in  concentrated  sulphuric  acid 
and  absolute  alcohol,  and  the  addition  of  strong  sulphuric  acid 
to  a  saturated  solution  of  the  salt  causes  the  precipitation  of 
the  monohydrate.^  A  solution  of  ferrous  sulphate,  like  the 
chloride,  absorbs  nitric  oxide.  The  dark  brown  saturated  solu- 
tion, which  probably  contains  the  compound  FeSO^,NO  (p.  1241), 
gives  off  the  gas  in  a  vacuum  as  well  as  when  heated ;  in  the 
latter  case  small  quantities  of  nitrogen  monoxide  and  ferric 
sulphate  are  formed.  When  the  brown  solution  is  mixed  with 
strong  sulphuric  acid,  care  being  taken  to  keep  the. mixture 
cool,  it  becomes  of  a  purple-red  colour :  and  upon  this  reaction 
the  well-known  test  for  nitric  acid  and  the  nitrates  depends,  as 
well  as  the  method  of  detecting  the  presence  of  nitrous  fumes 
in  sulphuric  acid. 

Green  vitriol  is  largely  used  in  the  arts  and  manufactures  for 
the  preparation  of  iron  mordants,  inks,  Prussian  blue,  &c. 

Ferrous  sulphate  enters  into  the  composition  of  various 
double  salts.  There  are,  for  instance,  the  red  and  yellow  sub- 
stances formed  when  sulphuric  acid  acts  on  a  concentrated 
mixed  solution  of  ferrous  sulphate  and  copper  sulphate.^  Again, 
ferrous  sulphate,  like  the  sulphates  of  the  metals  of  the  magne- 
sium group,  copper,  and  manganese,  forms  crystalline  double 
salts,  with  the  sulphates  of  the  alkali  metals;  of  these  the 
following  is  the  most  important. 

Ferrous  Ammonium  Sulphate,  'Ee^O^,Q^'H.^^O^,QHf),  is 
obtained  when  the  calculated  quantities  of  ammonium  sulphate 
and  green  vitriol  are  dissolved  in  the  minimum  quantity  of  hot 
water,  and  the  filtered  solution  is  allowed  to  crystallise  or  is  pre- 
cipitated with  alcohol.  It  forms  clear,  hard,  bluish-green  mono- 
clinic  crystals,  which  have  a  specific  gravity  of  1-813.  One 
hundred  parts  of  water  dissolve  (Tobler)  : 

At  0°  20'"         30°  60°         75' 

FeSO^CNHJsjSO,  12-2     21-6     28-1     44-6     56-7. 

This  salt  is  a  very  stable  one,  and  does  not  readily  undergo 
alteration  in  the  air,  being  much  less  easily  oxidised  than  green 
vitriol  itself  Hence  it  is  largely  used  instead  of  the  latter  salt 
for  the  purposes  of  volumetric  analysis. 

1  Compare  Kenrick,  /.  Physical  Ohem.,  1908,  12,  693. 
»  Jfctard,  Compt.  rend.,  1878,  87,  602;  Scott,  Joum.   Chem.  Soc,  1897,71, 
564;  AUmand,  Zeit.  anorg.  Ohem.,  1909,  61,  202. 
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Ferrous  DisulpJiate,  FeSgOj,  separates  out  as  a  white  powder 
when  a  concentrated  solution  of  ferrous  sulphate  is  mixed  with 
several  times  its  volume  of  concentrated  sulphuric  acid.  It 
forms  microscopic  prisms,  and  is  decomposed  by  water  into 
sulphuric  acid  and  green  vitriol.^ 

Ferric  Sulphate,  'FeJ[^^0^\,  is  obtained  by  the  action  of  nitric 
acid  on  a  hot  solution  of  green  vitriol,  to  which  the  requisite 
quantity  of  sulphuric  acid  has  been  added : 

6FeS0, + SHjSO, + 2HNO3  =  SFe^CSOJg + 2N0 + 4H2O. 

The  yellowish-brown  solution  gives  a  syrupy  liquid  when  com- 
centrated,  from  which  colourless  crystals  are  deposited  on 
standing.  When  these  are  heated,  or  when  sulphuric  acid  is 
added  to  the  concentrated  solution,  the  anhydrous  salt  is  formed 
as  a  white  powder,  which  dissolves  slowly  in  water,  whilst  by  the 
action  of  green  vitriol  on  boiling  sulphuric  acid  the  same  salt  is 
deposited  in  small  crystalline  scales  or  rhombic  prisms : 

2FeS0, + 2H,S0,  =  Fe,(SO  J3 + SO^ + 2HjO. 

Various  hydrates  also  have  been  described.^ 

When  a  dilute  solution  of  ferric  sulphate  is  boiled  or  incom- 
pletely precipitated  with  alkalis,  or  when  a  solution  of  green 
vitriol  is  allowed  to  oxidise  in  the  air,  various  basic  ferric  sulphates 
are  formed.*  An  iron  mordant  obtained  by  oxidising  green 
vitriol  with  nitric  acid  deposits  on  standing  large  transparent 
crystals,  which  are  probably  monclinic,  having  the  composition 
FeS04(OB[),7H20 ;  these  are  decomposed  by  water  with 
formation  of  the  insoluble  salt,  Fe2SO^(OH)^,5H20.*  Various 
other  basic  ferric  sulphates  occur  as  minerals,^  being  formed  by 
the  oxidation  of  the  sulphides  of  iron.  Amongst  these  may 
be  mentioned  vitriol  ochre,  FeSO,(OH)„2Fe(OH)3,H20.  This 
frequently  occurs  in  long  brown,  green,  or  ochreous  yellow  stal- 
actites; whilst  copiapite,  Fe2(SOj3,Fe2(SOj3(OH)2,10H2O,  occurs 
in  sulphur-yellow  tablets  or  crystalline  scales,  and  fibro-ferrite, 
2Fe2(SOj2(OH)2,Fe2SO,(OH)„24H20,  forms  a  pale  yellow  or 
nearly  white  pearly  or  silky  mass. 

Anhydrous  ferric  sulphate,  when  heated,  dissociates  into  ferric 

1  Bolas,  Joum.  Chem.  Soc,  1874,  27,  212. 

^  Recoura,  Oompt.  rend.,  1905,  141,  108  ;  1907,  144,  1427. 

'  Compare  Cameron  and  Robinson,  J.  Physical  Chem.,  1907,  11,  641. 

*  Ber.,  1875,  8,  771. 

»  See  Soharizer,  JZeit.  Kryst.  Min.,  1907,  43,  113  ;  1909,  46,  427. 
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oxide  and  sulphur  trioxide.  This  fact  is  of  importance  in  con- 
nection with  the  use  of  ferric  oxide  as  a  catalyst  in  the  contact 
process  for  manufacturing  sulphuric  acid.^ 

Ferroso-ferric  Sulphates. — The  two  sulphates  of  iron  form 
various  double  salts,  of  which  some  are  found  in  the  mineral 
kingdom.  Amongst  these  is  roemerite,  Fe3(SO^)^,12H20, 
yellow  monoclinic  crystals,  occurring  at  the  Rammelsberg 
mine,  near  Goslar,  together  with  another  similar  mineral  termed 
voltaite,  in  which  a  part  of  the  iron  is  replaced  by  isomorphous 
metals. 

Ferric  Potassium  Sulphate  or  Iron  Alum,  Fe2(SO^)3,K2S04, 
24H2O,  is  obtained  when  the  proper  quantity  of  potassium 
sulphate  is  added  to  a  solution  of  ferric  sulphate  and  the  con- 
centrated solution  allowed  to  stand  for  some  days  about  0°. 
The  salt  forms  bright-violet  octahedra,  and  dissolves  in  about 
five  parts  of  cold  water.  If  caustic  potash  is  added  to  the 
solution  and  the  dark  liquid  allowed  to  evaporate,  transparent 
yellowish-brown  hexagonal  crystals  separate  out  which  have 
the  composition  5Y.^S0^fiYel^0^\{0B.\XQYif),  and  possess 
the  peculiar  optical  properties  of  tourmaline.  This  salt  easily 
decomposes  into  iron  alum  and  an  insoluble  basic  ferric  salt. 

Ferric  Ammonium  Alum,  Fe2(SO^)3,(NHj2SO^,24H20,  closely 
resembles  the  potassium  derivative,  and  is  sometimes  termed 
"  iron  alum."  Several  other  double  salts  of  ferric  and  ammonium 
sulphates  have  been  described.^ 

Iron  and  the  Elements  of  the  Nitrogen  Group. 

566  Jron  Nitrides.— When  nitrogen  is  passed  over  heated  iron, 
the  metal  is  rendered  brittle,  probably  owing  to  the  alternate 
formation  and  decomposition  of  an  iron  nitride,  but  the  latter 
compound  cannot  be  prepared  in  this  manner.  The  nitride 
may,  however,  be  obtained  by  heating  the  metal  in  ammonia, 
an  observation  first  made  by  Berthelot,  and  confirmed  by 
Stahlschmidt.^ 

If  ammonia  in  excess  is  allowed  to  act  on  anhydrous  ferrous 
chloride  or  bromide,  or  on  finely  divided  reduced  iron,  or  on 

'  Keppeler  and  D'Ans,  Zeit.  physihal.  Ghem.,  1908,  62,  89  •  Wohler, 
Pluddemann,  and  Wohler,  Ber.,  1908,  41,  703  ;  Zeit.  physihal.  Chem.,  1908, 
62,  641  ;  Bodenstem  and  Suzuki,  Zeit.  BleUrochem. ,  1910,  16,  912. 

^  Lachoud  and  Leplerre,  Compl.  rend.,  1892,  114,  915 

■*  Pogg.  Ann.,  1866,  125,  37. 
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iron  amalgam  at  a  temperature  of  about  420°,  iron  nitride 
is  obtained  as  a  dull  grey  powder.^  In  the  compact  state  it 
is  best  obtained  by  heating  iron  wire  or  rod  to  a  bright  red 
heat  with  a  large  excess  of  ammonia,  excess  being  necessary 
inasmuch  as  the  hydrogen  formed  reduces  iron  nitride  at  the 
same  temperature  as  that  at  which  it  is  produced.^ 

The  substance  has  a  composition  corresponding  with  the 
empirical  formula  FegN,  and  is  so  brittle  that  it  may  be 
readily  powdered  in  a  mortar ;  it  is  somewhat  magnetic,  and  has 
a  specific  gravity  of  6"0-6"5.  It  readily  oxidises  when  heated 
in  the  air,  and  ignites  when  warmed  in  chlorine.  It  is 
dissolved  by  dilute  hydrochloric  and  sulphuric  acids  with 
evolution  of  hydrogen,  and  formation  of  ferrous  and  ammonium 
salts. 

According  to  Gnntz,^  ferrous  nitride,  FcgNj,  and  ferric  nitride, 
FeN,  both  of  which  are  black  powders  and  differ  from  the  fore- 
going, are  formed  by  heating  lithium  nitride  with  ferrous 
potassium  chloride  and  ferric  potassium  chloride  respectively. 
A  nitride  of  the  formula  FegNg  was  found  by  Silvestri  *  as  a 
lustrous  metallic  deposit  on  the  Etna  lavas.  This  is,  however, 
possibly  a  mixture  or  solid  solution  of  iron  and  the  nitride, 
Fe,N. 

Ferrous  Nitrate,  Fe(N03)2,6H20,  is  best  obtained  by  the 
decomposition  of  green  vitriol  with  barium  nitrate,  the  filtrate 
being  evaporated  in  a  vacuum  over  sulphuric  acid.  It  is 
very  soluble  in  water  and  very  unstable,  easily  passing  into 
ferric  nitrate.  When  iron  is  dissolved  in  cold  dilute  nitric 
acid,  the  following  reaction  takes  place  (Berzelius) : 

8Fe  +  2OHNO3  =  SFeCNOg)^ + 2NH,N03+ GHp, 

but  the  reaction  varies  greatly  with  the  concentration  of  the 
acid  and  the  temperature.^ 

Ferric  Nitrate,  Fe(N03)3,  is  formed  by  dissolving  iron  in 
nitric  acid.  The  brown  concentrated  solution  deposits,  on 
addition  of  nitric  acid,  according  to  the  acidity  and  the  con- 
centration of  the  solution,  colourless  cubes  of  Fe(N03)3,6H20, 
or  colourless   monoclinic   crystals   containing  9    molecules   of 

'  Fowler,  Joum.  Chem.  Soc,  1901,  79,  285;  White  and  Kireehbraun, 
J.  Amer.  Chem.  Soc,  1906,  28,  1343;  Girardet,  Bull.  Soc.  chim.,  1910,  7, 
1028. 

2  Beilby  and  Henderson,  Joum.  Ghem.  Soc,  1901,  79,  1249. 

'  Compt.  rend.,  1902,  135,  738.  *  Pogg.  Ann.,  1876,  157,  165. 

'  Montemartiiii,  Journ.  Chem.  Soc,  1892,  62,  1278. 


1242  IRON 

water.^  These  are  very  deliquescent,  and  dissolve  in  water 
forming  a  brown  liquid,  which  becomes  colourless  when  concen- 
trated nitric  acid  is  added  to  it.  Ferric  nitrate  is  used  as  a 
mordant  in  dyeing  and  calico-printing. 

Several  soluble  and  several  insoluble  basic  ferric  nitrates  are 
known. 

Nitroso-compounds  of  Iron. — As  already  mentioned,  nitric 
oxide  is  readily  absorbed  by  solutions  of  ferrous  salts  with 
formation  of  dark  olive-green  to  black  solutions,  which  con- 
tain unstable  compounds  of  nitric  oxide  with  the  ferrous  salt. 
The  maximum  absorption  for  solutions  of  ferrous  salts  in  water, 
alcohol,  and  other  neutral  solvents,  is  found  to  be  in  the  pro- 
portion of  1  mol.  NO  to  1  mol.  ferrous  salt.  The  reaction, 
however,  is  reversible,  the  degree  of  dissociation  not  only  vary- 
ing with  different  ferrous  salts,  but  being  dependent  also  on  the 
pressure,  the  temperature,  the  concentration  of  ferrous  salt,  the 
solvent,  and  the  presence  of  other  dissolved  substances.^  When 
dissolved  in  strong  hydrochloric  acid,  ferrous  chloride  absorbs 
about  twice  as  much  nitric  oxide  as  when  dissolved  in  the  same 
quantity  of  water.^ 

Anhydrous  ferric  chloride  also  absorbs  nitric  oxide,  forming 
the  compounds  2FeCl3,NO  and  4FeCl3,NO,  which  are  reddish- 
brown  non-crystalline  hygroscopic  powders.  When  nitric  oxide 
is  passed  into  an  ethereal  solution  of  ferric  chloride,  nitrosyl 
chloride  is  formed,  and  on  evaporation  over  sulphuric  acid, 
black  needles  of  the  composition  FeCl2,NO,2H20  are  obtained, 
whilst  at  60°  the  anhydrous  compound  FeCl2,N0  is  formed 
crystallising  in  yellow  needles.* 

In  addition  to  the  foregoing  unstable  nitroso-derivatives 
others  of  a  more  stable  nature  have  been  prepared.  These  were 
discovered  by  Roussin,^  who  prepared  them  by  the  action  of 
ferrous  sulphate  on  mixed  solutions  of  the  nitrites  and  sulphides 
of  the  alkalis,  and  they  have  since  been  investigated  by  many 
other  chemists.^     Their  exact  constitution  has  not  yet  been 

1  See  Cameron  and  Robinson,  J.  Physical  Chtm.,  1909,  13,  251. 

'  Manchot  and  Zechentmayer,  Annahn,  1906,  350,  368  ;  Manchot  and 
Hiittner,  ibid.,  1910,  372,  153. 

'  Kohlschiitter  and  KutscherofiF,  Ber.,  1907,  40,  873. 

■»  Thomas,  Compt.  rend.,  1895,  120,  447. 

*  Roussin,  Compt.  rend.,  1858,  46,  224. 

«  Porczinsky,  Annakn,  1863,  125,  302;  Rosenberg,  Ber.,  1879,  3,  312; 
Pavel,  ibid.,  1882,15,  2600 ;  Marchlewski and  Sachs,  Zeit.  anorg.  Ghem.,  1892, 
2,  175  ;  Hofmann  and  Wiede,  ibid.,  1895,  8,  318  ;  1895,  9,  295  ;  1896,  11,  281 ; 
Marie  and  Marquis,  Compt.  rend.,  1896,  122,  137. 
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determined,  but  they  are  closely  allied  to  the  ferrocyanides  and 
similar  compounds,  and  consist  of  salts  of  complex  acids  con- 
taining both  the  iron  and  nitroso-groups  in  the  acid  radical. 
Two  classes  of  salts  have  been  prepared,  viz.,  the  ferrodinitroso- 
derivatives,  such  as  the  salt  K[Fe(N0)2S],  and  the  ferrohepta- 
mYroso-derivatives,  such  as  the  salt  K[Fe4(NO)7S3].  The  salts 
of  the  first  named  series  have  possibly  a  molecular  formula 
double  that  given  above. 

Potassium  Ferrodinitrososul'phide,  K[Fe(NO)2S],2H20,  is  ob- 
tained by  the  action  of  potash  on  the  heptanitrososulphide.  It 
forms  dark-red  crystals,  insoluble  in  water,  and  decomposes 
violently  when  heated,  yielding,  among  other  products,  potassium 
and  ammonium  sulphates.  By  the  action  of  sulphuric  acid  it 
yields  the  free  acid,  H[Fe(N0)2S],  which  slowly  decomposes  in 
the  cold  into  sulphuretted  hydrogen,  nitrogen,  nitrous  oxide,  and 
the  heptanitroso-acid. 

The  corresponding  salts  of  the  other  alkalis,  and  in  addition 
the  crystalline  ethyl  and  phenyl  derivatives,  C2H5[Fe(NO)2S] 
and  CgH5[Fe(NO)2S],  are  known.  Potassium,  ammonium,  and 
sodium  ferrodinitrosothiosulphates  have  also  been  prepared 
(Hofmann  and  Wiede). 

Potassium  Ferroheptmiitrososulphide,  K[Fe^(NO)jS3],H20,  is 
the  most  stable  of  these  salts,  and  is  obtained  by  adding  a  solu- 
tion of  ferrous  sulphate  to  one  of  potassium  nitrite  and  sulphide. 
It  is  formed  also  by  boiling  a  solution  of  the  ferrodinitrosothio- 
sulphate,  sulphur  dioxide  being  evolved  and  ferric  hydroxide 
precipitated.  It  forms  dark  monoclinic  crystals  with  a  diamond 
lustre,  and  is  only  sparingly  soluble  in  water.  Dilute  sulphuric 
acid  precipitates  from  its  solution  the  free  ferroheptanitroso- 
sulphhydric  acid  as  an  amorphous  brown  mass,  but  when  the  salt 
is  heated  with  concentrated  sulphuric  acid  it  yields  nitric  oxide, 
nitrogen,  sulphuretted  hydrogen,  sulphur,  and  ferric  ammonium 
and  potassium  sulphates. 

The  corresponding  alkali  salts  have  been  obtained  and 
also  the  thallium  salt.  The  ammonium  salt  is  formed  by  the 
action  of  nitric  oxide  on  freshly  precipitated  ferrous  sulphide 
suspended  in  water,  part  of  the  nitric  oxide  being  reduced  to 
ammonia.^ 

567  Phosphides  of  Iron.— In  the  year  1780,  J.  C.  F.  Meyer, 

1  See  also  Atti  R.  Accad.  Lincei,  [5],  1906,  15,  ii.,  467;  1907,  16,  i.,  654; 
ii.,  542,  584,  658,  740  ;  1908,  17,  i.,  202,  424,  545  ;  Rosenberg,  ArJciv  Kern. 
Min.  Oeol.,  1911,  4,  No.  3. 
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while  examining  the  cause  of  the  cold-shortness  of  iron,  came 
to  the  conclusion  that  this  was  produced  by  the  presence  of  a 
peculiar  metal  to  which  he  gave  the  name  hydrosiderum.  The 
subject  was  investigated  shortly  afterwards  by  Bergman,  who 
found  that  when  the  residue  obtained  by  dissolving  cold-short 
iron  in  sulphuric  acid  is  fused  before  the  blowpipie  with  re- 
ducing agents,  a  metallic  bead  is  obtained  which  he  also 
believed  to  be  a  peculiar  metal ;  to  this  he  gave  the  name  of 
siderum.  In  1784,  Meyer  repeated  his  experiments  and  came 
to  the  conclusion  that  the  substance  thus  obtained  was  a  com- 
pound of  iron  and  phosphoric  acid,  and  it  was  afterwards 
ascertained  that  the  body  formed  by  reduction  on  charcoal  was 
a  phosphide  of  iron. 

One  phosphide  of  iron,  FegP,  is  obtained  as  a  porous  non- 
magnetic powder  by  fusing  ferrous  or  ferric  phosphate  with 
lamp-black  under  a  layer  of  sodium  chloride,  and  in  lustrous 
grey  crystals  by  fusing  cuprous  phosphide  with  10  parts  of  iron 
filings  in  the  electric  furnace.^  When  heated  in  the  air  it  is 
converted  into  a  basic  phosphate,  2Fe203,P206. 

The  phosphide  FegP  is  obtained  from  fused  mixtures  of 
phosphorus  and  iron  containing  more  than  84'4  per  cent,  of  iron, 
and  is  prepared  also  by  fusing  copper  phosphide  with  a  sufficient 
quantity  of  iron,  when  the  compound  FcgP,  in  an  almost  pure 
state,  rises  to  the  top  as  a  separate  phase.''  This  phosphide 
dissolves  in  concentrated  hydrochloric  acid,  giving  ferrous 
chloride,  phosphoric  acid,  and  pure  hydrogen. 

When  iron  pyrites  or  iron  powder  is  ignited  in  a  stream  of 
phosphine  a  grey  non-magnetic  powder,  having  the  composition 
FogP^,  is  obtained,  whilst  the  compound  FeP  is  left  as  a 
dark-grey  powder  when  the  monosulphide  is  ignited  in  the 
same  gas,  or  when  iron  is  heated  in  phosphorus  vapour.  The 
compound  FogPg  is  produced  by  strongly  heating  phosphorus  and 
ferric  chloride  placed  in  separate  boats  in  a  tube  in  a  current  of 
carbon  dioxide,  and  forms  hard  metallic  non-magnetic  crystals.^ 

When  obtained  in  distinct  crystals  these  phosphides  of  iron 
are  mostly  insoluble  in  single  acids,  but  dissolve  in  a  mixture  of 
nitric  and  hydrofluoric  acids,  whilst  in  the  loose  porous  state  they 

'  Maronneau,  Compt.  rend.,  1900,  130,  656. 

'  Le  Chatelier  and  Wologdine,  Compt.  rend.,  1909,  149,  709.  Compare 
Stead,  /.  Iron  Steel  Inst.,  1900,  58,  60;  Saklatwalla,  ibid.,  1908,  77,  92; 
Gercke,  Meiallurgie,  1908,  5,  604 ;  Konatantinoff,  J.  Buss.  Phys.  Chem.  Soc, 
1909,  41,  1220. 

^  Granger,  Compt.  rend.,  1896,  122,  936. 
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are  attacked  by  hot  hydrochloric  acid  with  evolution  of  phosphine 
and  formation  of  phosphoric  acid.  They  do  not  undergo 
alteration  in  the  air,  and  can  be  fused  in  all  proportions  with 
metallic  iron.  Many  other  iron  phosphides  which  have  been 
described,  and  possibly  some  of  the  above,  are  probably  in  reality 
mixtures  of  a  true  phosphide  and  iron.^ 

Ferrous  Phosphate,  Fe3(P04)2,8H20,  occurs  as  the  mineral 
vivianite,  crystallising  in  monoclinic  prisms.  In  its  pure 
state  it  is  colourless,  but  it  generally  possesses  a  green  or  blue 
tint,  owing  to  partial  oxidation.  It  is  found  also  as  an  earthy 
mass  termed  blue  iron  earth,  sometimes  dispersed  through  clay, 
and  together  with  bog  iron  ore,  and  in  the  cavities  in  fossil 
bones.  When  a  solution  of  green  vitriol  is  precipitated  with 
sodium  phosphate,  a  white  precipitate  is  obtained,  which,  how- 
ever, soon  becomes  blue  or  green  on  exposure  to  air.  If  the 
liquid  and  the  precipitate  are  allowed  to  stand  together  for  a 
week  at  a  temperature  of  60-80°,  the  compound  is  converted 
into  small  crystals  which  become  blue  on  exposure  to  the  air 
(Debray).     The  precipitated  phosphate  is  used  in  medicine. 

When  iron  is  dissolved  in  a  solution  of  phosphoric  acid, 
colourless  needles,  having  the  composition  Fe(H2POj2)2H20, 
are  deposited  after  some  time,  and  these  alter  rapidly  on 
exposure  to  air.^ 

Ferric  Phosphates. — The  normal  orthophosphate,  FePO^,2H20, 
is  obtained  as  a  yellowish- white  precipitate  by  adding  ordinary 
sodium  phosphate  to  normal  ferric  chloride.  It  is  soluble 
in  dilute  mineral  acids,  but  not  in  cold  acetic  acid,  and  is 
slowly  decomposed  by  water.  When  ferric  hydroxide  is 
dissolved  in  orthophosphoric  acid  and  the  solution  rapidly 
evaporated,  the  diacid  salt,  Fe(H2POj3,  is  obtained  as  a  pink 
crystalline  powder,  which  decomposes  in  moist  air  and  deposits 
crystals  of  the  monacid  salt,  2FeH3(POj2,5H20  (Erlenmeyer). 
Ferric  metaphosphate,  Fe(P03)3,  is  deposited  in  pink  plates 
when  ferric  hydroxide  is  digested  with  glacial  phosphoric  acid 
at  100°.8 

Basic  iron  phosphates  occur  in  nature,  and  frequently 
form  a  constituent  of  limonite.  Ferric  phosphate  also  occurs  as 
dufrenite,  Fe2(OH)3PO^,  which  is  found  sometimes  in  rhombic 

'  See  Le  Chatelier  and  Wologdine,  loc.  cit. ;  Kuhn,  Chem.  Zeit.,  1910, 
34,  45. 

^  Erlenmeyer,  Annalen,  1878,  194,  182. 

»  HautefeuiUe  and  Margotte,  Compt.  rend.,  1888,  106,  135.  See  also 
Johnsson,  Ber.,  1889,  22,  976. 
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crystals,  but  more  generally  in  needles  or  as  a  radiated  fibrous 
mass.  Vivianite  is  often  oxidised  and  is  converted  into 
beraunite,  Fe(PO^),2Fe2PO/OH)3,4H20,  occurring  in  small 
foliated  aggregates  having  a  hyacinth-red  colour. 

568  Arsenides  of  Iron. — When  metallic  iron  is  ignited  with 
an  excess  of  arsenic  in  the  absence  of  air,  a  white  and  very 
brittle  mass  of  FeAs  is  obtained.  The  arsenide  FeAsj  occurs  as 
the  mineral  lollingite  in  silver-white  rhombic  prisms.  It  is 
obtained  artificially  by  heating  finely  powdered  iron  with  the 
vapour  of  arsenic  under  pressure.^  This  artificial  product,  heated 
in  a  current  of  hydrogen,  yields  the  arsenide  FeAs  as  a 
silver-white,  crystalline  powder.  The  study  of  the  freezing 
points  of  alloys  of  iron  and  arsenic  indicates  the  existence  of 
other  arsenides,  viz. : — FogAsj,  FogAs,  and  FegAs/.  Mispickel 
or  arsenical  pyrites,  FeAsS,  crystallises  in  short  rhombic 
prisms  of  a  silver-white  colour  ;  a  portion  of  the  iron  is  frequently 
replaced  by  cobalt,  and  this  mineral  serves  as  the  chief  source 
of  arsenic  compounds. 

Ferric  Arsenite.— The  basic  salt,  FeP6(OH)5As  =  4Fe203, 
AsjOg.SHjO,  is  a  voluminous  brown  precipitate  closely  re- 
sembling ferric  hydroxide  in  appearance.  It  is  obtained  by 
adding  an  aqueous  solution  of  arsenious  oxide,  or  an  arsenite, 
to  ferric  acetate. 

Ferric  Arsenates. — The  normal  arsenate  occurs  as  scorodite, 
Fe(AsO^),2H20,  in  brown  rhombic  vitreous  crystals.  Basic 
arsenates  are  also  found  in  the  mineral  kingdom  ;  amongst  these 
we  have  iron-sinter  or  pharmacosiderite,  3FeAs04,Fe(OH)3, 
GHjO,  which  occurs  crystallised  in  the  regular  system  in  green 
or  brownish-green  adamantine  crystals.  The  acid  arsenate, 
2Fe2(IIAsO^)3,9H20,  is  a  white  precipitate  obtained  by  adding 
hydrogen  di sodium  arsenate  to  a  solution  of  ferric  chloride.  It 
i^  easily  soluble  in  hydrochloric  acid,  and  separates  on  evapora- 
tion as  a  white  powder. 

Iron  and  Boron. 

569  Borides  of  Iron.. — The  compound  FeB  is  formed  when 
the  vapour  of  boron  chloride  is  passed  over  iron  at  a  dull  red  heat, 
or  when  soft  iron  is  heated  with  boron  in  the  electric  furnace. 
It  is  thus  obtained  as  an  amorphous  powder,  or  in  yellowish-grey 

'  Hilpert  and  Dieokmann,  Ber.,  1911,  44,  2378. 
'  Friedrich,  Metallurgie,  1907,  4,  129. 


IRON  AND   CARBON  1247 


crystals  of  specific  gravity  7-15.i  Other  borides,  viz.,  FeJS  and 
FeBg,  have  been  prepared  by  heating  reduced  iron  and  boron  in 
a  porcelain  tube  in  a  current  of  hydrogen  or  in  the  electric 
furnace.2  These  borides  of  iron  are  oxidised  by  moist  air,  and 
are  dissolved  by  hot  concentrated  acids. 


Iron  and  Carbon. 

570  Iron  Carbide,  Yefi,  has  already  been  described  under 
steel  (p.  1215). 

Ferrous  Carhonate,  FeCOg,  occurs  naturally  as  spathic  iron 
ore,  which,  however,  contains  larger  or  smaller  quantities  of  the 
carbonates  of  calcium,  manganese,-  and  magnesium.  The  mineral 
is  obtained  artificially  in  microscopic  rhombohedra  by  preci- 
pitating a  solution  of  green  vitriol  with  sodium  bicarbonate  and 
heating  the  mixture  for  twelve  to  thirty-six  hours  at  a  tem- 
perature of  150°  (Sdnarmont).  When  a  cold  solution  of  pure 
ferrous  sulphate  is  treated  with  sodium  carbonate,  a  floccu- 
lent  white  precipitate  is  thrown  down  which  rapidly  becomes 
dirty  green  from  absorption  of  oxygen  and  evolution  of  carbon 
dioxide,  and  is  at  last  converted  wholly  into  ferric  hydroxide. 
If  the  precipitate  is  washed  in  total  absence  of  air,  it  may  be 
obtained  pure  and  colourless,  but  usually  it  is  a  greyish  powder, 
readily  oxidised  on  exposure  to  air.  If  the  moist  precipitate  is 
mixed  with  sugar  it  does  not  undergo  such  rapid  change. 

Ferroushicarhonate  exists  in  many  mineral  waters,  and  is  formed 
in  solution  by  the  action  of  carbonic  acid  on  ferrous  carbonate. 
When  such  a  solution  is  exposed  to  the  air,  carbon  dioxide  is 
evolved,  and  ferric  hydroxide  deposited.  A  quantitative  study 
of  the  rate  of  oxidation  of  ferrous  bicarbonate  has  shown  that 
the  reaction  is  of  the  first  order.^ 

Ferric  Carbonate  is  not  known  in  the  dry  state,  since  the 
precipitate  produced  by  the  addition  of  a  soluble  carbonate  to  a 
ferric  salt  rapidly  loses  carbon  dioxide. 

Ferropentacarbonyl,  Fe(C0)5,  was  first  obtained  by  Mond, 
Quincke,  and  Langer*  by  allc^wing  iron  prepared  by  the 
reduction  of  ferrous  oxalate  to  stand  in  contact  with  carbonic 

'  Moissan,  Oompt.  rend.,  1895, 120,  17.S.  Compare  Gompt.  rend.,  1894,  119, 
1172. 

'  Jassonneix,  Gompt.  rend.,  1907,  145,  121.  Compare  Hoffmann,  Ghem. 
ZeiL,  1910,  34,  1.S49. 

'  Just,  Ber.,  1907,40,  3695. 

^  Joum.  Ghem.  Soc,  1891,  59,  604,  1090. 
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oxide,  and  is  evolved  when  the  product  is  heated  to  120°. 
Dewar  and  Jones  ^  describe  it  as  a  viscous,  pale  yellow  liquid, 
which  forms  a  yellow  crystalline  solid  at  —  20°,  the  latter  becom- 
ing colourless  at  the  temperature  of  liquid  air.  It  has  a  specific 
gravity  of  1'46,  and  boils  at  102'5°.  The  vapour  decomposes 
slowly  below  180°,  but  rapidly  deposits  a  mirror  of  metallic 
iron  above  that  temperature.  The  vapour  density  at  129°, 
and  the  cryoscopic  determination  of  the  molecular  weight 
in  benzene  solution,  both  agree  with  the  molecular  formula 
Fe(CO),. 

Ferropentacarbonyl  is  decomposed  by  chlorine,  with  formation 
of  ferrous  and  ferric  chlorides  and  carbonic  oxide,  and  by  con- 
centrated nitric  and  sulphuric  acids,  the  latter  yielding  ferrous 
sulphate,  hydrogen,  and  carbonic  oxide  : 

Fe(C0)5  +  H^SO,  =  FeSO, + 5C0  +  H^. 

It  is  very  sensitive  to  the  action  of  air  and  moisture,  the  liquid 
quickly  depositing  a  reddish-brown  precipitate  on  exposure  to 
the  atmosphere. 

When  ferropentacarbonyl,  either  alone  or  dissolved  in  dry 
ether  or  light  petroleum,  is  exposed  to  sunlight  at  the  ordinary 
temperature,  it  darkens,  carbonic  oxide  being  evolved  and 
diferro-nonacarlonyl,  Fe2(CO)9,  formed : 

2Fe(CO)5  =  Fe2(CO)9  +  CO. 

The  reaction  however,  is  reversible,  and  ferropentacarbonyl 
which  has  been  exposed  to  light  becomes  colourless  on  standing 
in  the  dark.  Rise  of  temperature  favours  the  reverse  reaction, 
and  no  decomposition  takes  place  when  ferropentacarbonyl  is 
exposed  to  light  at  temperatures  above  60°. 

Diferrononacarbonyl  crystallises  in  lustrous  orange  hexagonal 
plates  which  are  quite  stable  in  dry  air,  and  have  a  specific 
gravity  of  2-085  at  18°.  It  is  practically  insoluble  in  light 
petroleum  and  benzene,  slightly  soluble  in  alcohol  and  acetone, 
and  more  readily  in  pyridine.  When  heated  it  decomposes  as 
follows  : 

Fe^CCO)^  =  Fe(C0)5  -i-  Fe  +  4C0. 

Ferrotetracarhonyl,  Fe(CO)^.— When  a  solution  of  diferronona- 
carbonyl in  ether  or  toluene  is  heated  to  50°,  it  assumes  an 
intensely  green  colour,  and  dark-green  lustrous  tablets  with  the 

1  Proc.  Roy.  Soc,  A.,  1905,  76,  558  ;  1907,  79,  66. 
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empirical  formula,  Fe(CO)j  are  deposited.  This  substance  is 
very  stable  at  the  oidinary  temperature,  but  decomposes  at 
140-150°  into  iron  and  carbonic  oxide.  It  dissolves  in  many 
organic  solvents,  forming  dark-green  solutions  v?hich  very 
readily  undergo  oxidation.  Attempts  to  determine  the  mole- 
cular weight  in  benzene  solution  showed  that  the  substance 
must  be  a  polymeride  containing  many  Fe(CO)^  groups,  possibly 
[FeCCOUo. 

Iron  and  Cyanogen. 

571  No  simple  cyanide  of  iron  has  yet  been  obtained,  and 
probably  these  do  not  exist,  owing  to  their  great  tendency  to 
form  complex  cyanides.  Several  substances  have  been  described 
■AS,  ferrov,s  cyanide,  FeCyg,  but  have  proved  on  investigation  to 
be  ferrocyanides  of  iron.  Hydrocyanic  acid  gives  no  precipitate 
with  solutions  of  ferrous  salts,  and  on  addition  of  ammonia  a 
ferrous  ammonium  ferrocyanide,  (NH^)2Fe"Fe"Cyg,  is  formed 
which  rapidly  oxidises  to  the  corresponding  ferric  salt, 
NH^Fe^"Fe"Cyg.^  Ferric  Cyanide,  FeCyj,  also  appears  to  be 
incapable  of  existence.  On  addition  of  potassium  cyanide  to  a 
solution  of  ferric  salt,  ferric  hydroxide  is  precipitated,  and  hydro- 
cyanic acid  remains  in  solution. 

572  Our  knowledge  of  the  complex  compounds  of  iron  and 
cyanogen  commences  with  the  discovery  of  Prussian  blue  in 
1704  by  a  colourmaker  named  Diesbach.  In  1752  Macquer 
observed  that  when  this  colour  is  boiled  with  caustic  potash, 
oxide  of  iron  remains,  whilst  a  peculiar  salt  enters  into  solution 
which  was  named  phlogisticated  alkali,  or  yellow  prussiate  of 
potash.  This  body  was  shown  to  contain  iron  and  prussic  acid 
by  Berthollet  in  1787.  Proust,  in  1806,  next  found  that  iron 
remains  in  combination  with  prussic  acid  when  the  alkali  in 
the  yellow  prussiate  is  replaced  by  other  bases;  and  Ittner 
in  1809  considered  that  the  compounds  of  ferric  oxide  and 
other  bases  with  prussic  acid  are  double  salts.  In  opposition 
to  this  view,  Porrett^  described  experiments  from  which 
he  drew  the  conclusion  that  the  so-called  double  prussiates 
containing  iron  are  simple  salts  of  a  compound  acid  containing 
ferrous  oxide  and  prussic  acid.  This  he  called  ferrurelted 
chyazic  acid,  a  name  based  on  the  fact  that  it  is  a  compound  of 
carbon,  hydrogen,  and  azote  or  nitrogen.    Gay-Lussac's  classical 

'  Hofmann,  AnnaUn,  1907,  352,  54. 

2  Phil.  Trans.,  1814,  527  ;  Ann.  Phil.,  1818,  12,  214;  1819,  14,  295. 
VOL.    II  "i   L 
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investigation  of  prussic  acid  followed  immediately  on  Porrett's 
memoir.  In  this  he  proved  that  the  acid  is  a  hydrogen 
compound  of  the  radical  cyanogen.  Berzelius  then  showed 
that  all  tlie  salts  of  iron  and  prussic  acid  may  be  considered  to 
be  double  cyanides,  and  that  (according  to  our  present  nomen- 
clature) the  prussiate  of  potash  is  a  cyanide  of  iron  and 
potassium,  Fe(CN)2,4KCN.  Three  years  later  Gmelin,i  by 
acting  upon  this  salt  with  chlorine,  obtained  a  new  compound 
which,  from  its  colour,  was  termed  red  prussiate  of  potash. 
This  may  be  regarded  as  the  ferric  double  salt,  Fe(CN)3,3KCN. 
Umelin  likewise  proved  that  the  potassium  in  the  salt  may  be 
replaced  by  hydrogen,  thus  giving  rise  to  ferricyanic  acid.  In 
the  following  year  Gay-Lussac  pointed  out  that  the  yellow 
prussiate  may  be  supposed  to  contain  a  compound  radical 
ci  insisting  of  iron  and  cyanogen,  to  which  he  gave  the  name 
cyanoferre.  Liebig  extended  this  explanation  to  the  other 
cyanogen  compounds  containing  iron,  and  considered  the  above 
salts  as  compounds  of  two  isomeric  radicals  FeCgNg,  to  which 
he  gave  the  names  oi  ferrocyanoyen  a.nd  ferricyanogen. 

Many  suggestions  have  been  made  as  to  the  constitution  of 
these  two  radicals.  Graham  ^  and  Erlenmeyer  ^  assumed  these 
compounds  to  contain  the  radical  of  cyanuric  acid,  C3N3,  on 
which  supposition  potassium  ferrocyanide  would  have  the 
constitutional  formula  (1),  whilst  Friedel  *  suggested  the  formula 
(2),  and  Browning  ^  that  given  under  (3) : 

.KC-N  *'*        ^N-CK 

Nf  %C— Fc"— Cf  ^N. 

\kc=n/  \n=ck-^ 

(2)  (3) 

NK  ^C=NK 

/N  =  G-C-C  =  NK  „  „ /  \C  =  NK 

\N^C-C-C  =  NK  \  =  c/^  =  NK 


NK 


'\C=NK 


According  to  these  various  hypotheses,  the  ferrocyanides 
contain  closed  chains  either  of  carbon  atoms  alone,  or  of  carbon 
and  nitrogen  atoms.     No  evidence,  however,  has  been  obtained 

^  Scliweiggers'  Journ.,  1822,  34,  325. 

2  Elements  of  Chemistry,  1850,  i,  200.         »  Lehrhuch  Org.  Chem.,  1867,  148. 

"  Compt.  rend.,  1887,  104,  995.  '-  Journ.  Chem.  Sac,  1900,  77,  1238. 
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in  support  of  any  of  these  views,  and  the  general  properties  of 
the  substances  are  quite  distinct  from  those  of  the  numerous 
compounds  known  to  contain  such  closed  chains.  Moreover, 
one  of  the  six  cyanogen  radicals  can  be  replaced  by  numerous 
other  radicals  without  any  great  alteration  in  general  properties, 
which  would  not  be  the  case  if  any  of  the  above  formulae  were 
correct.  It  is  noteworthy  that  in  the  methyl  ferrocyanides- the 
methyl  groups  appear  to  be  directly  linked  to  nitrogen,  and  not 
to  carbon.^ 

Analogous  complex  cyanides  are  formed  by  other  metals  of 
the  eighth  periodic  group,  and  by  metals  occupying  positions 
near  them  in  the  periodic  table,  such  as  chromium,  i.e.  by  those 
metals  which  yield  complex  bases  with  ammonia,  &c.,  and  there 
is  little  doubt  that  these  complex  bases  and  the  complex 
cyanides  are  compounds  of  the  same  order.  The  co-ordination 
theory  of  Werner  (p.  36),  which  has  thrown  much  light  on  the 
relations  of  the  complex  bases,  is  also  of  great  value  in  making 
clear  the  similar  relations  of  the  ferrocyanides  and  analogous 
compounds. 

According  to  this  hypothesis,  the  iron  atom  occupies  the 
centre  of  the  system  and  is  combined  with  the  six  cyanogen 
radicals  which  are  "  co-ordinated  "  with  it.  The  complex  radical 
thus  formed  is  of  an  acid  nature  and  is  capable  of  combining 
with  basic  elements  or  groups  which  form  cations  in  solution. 
Thus  potassium  ferrocyanide  and  ferricyanide  are  formulated 
as  follows,  the  co-ordinated  group  being  enclosed  in  square 
brackets :  for  the  sake  of  shortness  and  simplicity  the  symbol 
Cy  is  used  for  the  cyanogen  radical  CN  : 

Potassium  Ferrocyanide  Potassium  Ferricyanid", 

K,[Fe"Cye].  K3[Fe'"Cyei. 

The  ferrocyanogen  radical  is  tetracidic,  two  of  the  cyanogen 
valencies  being  neutralised  by  the  ferrous  iron  atom,  whilst  the 
ferricyanogen  radical  is  triacidic,  as  the  ferric  iron  atom 
neutralises  the  valency  of  three  cyanogen  groups. 

One  of  the  six  cyanogen  groups  may  be  replaced  in  both  ferro- 
and  ferricyanides  by  a  large  number  of  other  groups,  including 
CO,  NO,  NO2,  NHg,  HgO,  SO3,  yielding  substances  which  closely 
resemble  the  original  salts  in  general  properties.  If  the  re- 
placing group  be  a  monovalent  acid  radical,  such  as  NOj,  the 
valency  of  the  group  remains  unchanged,  whilst  a  divalent  acid 

1  Hartley,  Jonrn.  Chem.  Soc,  1911,  99,  1549. 
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radical  increases  the  valency  of  the  group  by  one  unit,  and  a 
neutral  substance  reduces  it  b}'  one  unit.  The  nitroso-group 
and  ammonia  behave  in  this  connection  as  neutral  substances. 
Thus,  sodium  carbonylferroc}'anide  is  Na3[Fe"(CO)Cy5] ; 
sodium  nitrosoferricyanide  (nitroprusside),  Na2[Fe"'(N0)Cyj] ; 
sodium  sulphitoferrocyanide,  Na5[Fe"(S03)Cy5] ;  and  sodium 
nitroferrocyanide,  NaJFe"(N02)Cy5J. 

Ferrocyanogen  Compounds. 

573  Until  recent  years  the  ferrocyanides  served  as  the  point 
of  departure  for  the  preparation  of  almost  all  the  other  cyanogen 
compounds,  and  they  are  still  manufactured  on  the  large  scale, 
although  the  cyanides  specially  required  for  the  extraction  of 
gold  are  at  present  largely  obtained  in  other  ways.  Formerly, 
the  only  ferrocyanides  obtained  on  the  large  scale  were  those  of 
potassium  and  iron,  but  at  present  the  sodium  and  calcium  salts 
also  are  prepared  in  quantity. 

The  method  formerly  adopted  for  the  manufacture  of  potass- 
ium ferrocyanide,  and  now  obsolete,  consisted  in  heating  crude 
potashes  in  a  cast  iron  pan,  and  adding  from  time  to  time  a 
mixture  of  iron  filings  and  nitrogenous  organic  matter  (horns, 
feathers,  dried  blood,  etc.).  The  fused  mass  was  allowed  to  cool, 
and  then  lixiviated  with  warm  water,  ferrocyanide  being  obtained 
by  the  evaporation  of  this  aqueous  extract.^ 

Ferrocyanides  are  now  obtained  as  by-products  in  the  coal- 
gas  manufacture  and  other  industries  in  which  coal  is  subjected 
to  destructive  distillation.  The  unpurified  gas  usually  contains 
a  small  quantity  of  cyanogen  compounds,  chiefly  if  not  entirely 
as  hydrocyanic  acid.  When  the  gas  is  purified  by  means  of 
ferric  oxide  (Vol.  I.,  p.  871),  this  is  partially  absorbed,  together 
with  the  sulphuretted  hydrogen,  and  when  the  absorbing  oxide 
is  completely  spent  it  is  frequently  found  to  contain  sufficient 
Prussian  blue  to  repay  the  cost  of  extraction. 

A  common  method  of  obtaining  the  ferrocyanide  from  the 
spent  oxide  is  to  treat  it  with  hot  milk  of  lime,  which  converts 
the  Prussian  blue  into  calcium  ferrocyanide;  on  addition  of 
potassium  or  ammonium  chloride  to  the  filtered  extract  the 
sparingly   soluble   potassium   calcium   or   ammonium   calcium 

^  For  full  details  of  this  and  the  modern  methods  of  obtaining  ferrocyanides, 
see  the  article  on  "Cyanides"  in  Thorpe's  Dictionary  of  Applied  Chemistry, 
vol.  ii.,  1912. 
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ferrocyanide,  CaKjFeCyg  or  Ca(NH^)oFeCyg,  separates  out,  and 
from  this  pure  potassium  or  sodium  ferrocyanide  can  readily 
be  prepared. 

In  recent  years  the  hydrocyanic  acid  has  be«n  extracted  at  a 
number  of  gas  works  by  passing  the  gas,  previous  to  the  dry 
purification  (Vol.  I., p.  8'75),through  a  suitable  apparatus  in  which 
it  is  brought  into  intimate  contact  with  an  alkaline  liquid,  to 
which  an  iron  salt  has  been  added.  The  latter  is  converted  into 
ferrous  sulphide  by  the  action  of  the  sulphuretted  hydrogen  in 
the  crude  gas,  and  this  is  acted  on  by  the  hydrocyanic  acid  in 
presence  of  alkali  {e.g.  potash)  as  follows  : 

FeS  +  6HCy + 2K2CO3  =  K^FeCyg + H^S  +  2C0,  +  2H2O. 

The  potash  may  be  replaced  by  sodium  carbonate  or  lime,  in 
which  case  sodium  or  calcium  ferrocyanide  is  obtained. 

If  the  gas  is  treated  with  a  solution  of  ferrous  sulphate 
previous  to  the  removal  of  ammonia,  the  latter  supplies  the 
necessary  alkali,  and  the  hydrocyanic  acid  is  absorbed  and 
converted  partly  into  ammonium  ferrocyanide  and  partly  into 
insoluble  double  ferrocyanides  of  ammonium  and  iron,  the  latter 
being  almost  the  sole  product  when  excess  of  ferrous  sulphate  is 
used.  This  is  filtered  and  converted  into  soluble  ferrocyanides 
by  boiling  with  alkalis,  the  ammonia  evolved  being  recovered  as 
sulphate  by  absorption  in  sulphuric  acid. 

Ferrocyanides  are  now  prepared  also  from  thiocyanates,  the 
latter  beiiig  either  made  synthetically  from  carljon  disulphide 
or  recovered  from  crude  coal-gas  (Vol.  I.,  p.  875).  The  thio- 
cyanate  is  fused  in  pots  and  completely  dried  by  passing  through 
it  a  current  of  inert  gas,  and  then  heated  with  dry  iron  borings 
free  from  rust,  air  being  excluded  : 

CNaCyS  +  6Fe  =  6NaCy  +  6FeS. 

The  melt  is  then  treated  with  water  and  boiled  up  with  steam 
in  a  vat,  when  sodium  ferrocyanide  is  formed  together  with 
sodium  sulphide  :  ^ 

6NaCy  +  FeS  =  Na.FeCyg + Na^S. 

Hydrogen    Ferrocyanide    or    Ferrocyanic    Add,    H^Fe"Cyg. 

This  is  best  obtained  when  pure  hydrochloric  acid  is  added  to 

an  equal  volume  of  a  cold  saturated  solution  of  potassium  feiTo- 

cyanide.     The   precipitate  which   forms  is  dried  on  a  porous 

1  J,  Soc.  Chem.  Ind.,  1895,  14,  656. 
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plate  in  absence  of  air,  then  dissolved  in  alcohol,  and  precipitated 
by  ether.i  It  is  a  white  powder  crystallising  in  small  needles. 
Larger  crystals  may  be  obtained  by  pouring  a  layer  of  ether  on 
to  the  alcoholic  solution.  Ferrocyanic  acid  is  easily  soluble  in 
water  and  alcohol.  It  possesses  a  strongly  acid  taste  and 
reaction,  and  liberates  not  only  acetic,  but  even  oxalic  acid,  from 
its  salts.  It  oxidises  quickly  on  exposure  to  air,  especially 
when  warmed,  forming  hydrocyanic  acid  and  ferric  ferrocyanide  : 

7H,FeCye  +  0^  =  24HCy + Fe7Cyi8+ 2H2O. 

This  reaction  is  employed  in  calico-printing,  the  cloth  being 
printed  with  a  mixture  of  tartaric  acid  and  yellow  prussiate, 
and  then  steamed. 

When  the  solution  of  the  acid  is  boiled,  hydrocyanic  acid  is 
evolved  and  a  white  precipitate  of  ferrous  hydrogen  ferrocyanide 
remains  behind : 

2H,[Fe"Cy,]  =  6HCy  +  H,Fe"[Fe"Cye]. 

When  heated  at  300°  in  absence  of  air  it  yields  a  pale  yellow 
powder  having  the  composition  FeCy/ ;  this  is,  however,  not 
the  simple  cyanide,  but  more  probably  a  ferrous  ferrocyanide, 
Fe"2(Fe"Cye).  Ferrocyanic  acid  also  yields  an  ethyl  derivative, 
(C2H5)^FeCyg,  the  molecular  weight  of  which  in  aqueous  solution 
is  in  accordance  with  the  formula  just  given.^  The  acid  forms 
crystalline  compounds  with  ether,  ethyl  acetate,  and  other 
organic  esters.*  ■ 

Potassium  Ferrocyanide  or  Yellow  Prussiate  of  Potash, 
K^FeCy8,3Il20. — The  commercial  manufacture  of  this  salt  has 
been  described  arbove.  It  is  obtained  also  when  a  ferrous  salt  is 
added  to  potassium  cyanide  ;  a  brown  precipitate  of  uncertain 
composition  is  first  formed,  but  quickly  dissolves  in  excess  of 
potassium  cyanide  yielding  potassium  ferrocyanide.  .The  latter 
is  formed  also  by  the  action  of  potassium  cyanide  solution  on 
metallic  iron  in  absence  of  air,  slowly  in  the  cold  and  quickly 
on  heating : 

6KCy  +  Fe  +  2H,p  =  K.FeCye  +  2K0H  +  H^. 

Potassium  ferrocyanide  forms  tetragonal  pyramids,  sp.  gr.  1'83, 
in  which  the  basal  faces  arc  usually  dominant.     They  are  of  a 

'   Liebig,  Anwilm,  1853,  87,  127. 

-  Browning,  Joiirii.  Ghem.  Soc. ,  19U0,  77,  1234. 

3  Buchbock,  Zeit.  physikal.  Chem.,  1897,  23,  157. 

••  Browning,  !oc.  nt.  ;  Baeyer  and  Villiger,  Ber.,  1901,  34,  2679. 
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lemon-yellow  colovir  and  generally  opaque.  Small  crystals,  on 
the  other  hand,  are  amber-coloured  and  transparent.  It  has 
been  maintained  that  this  difference  in  colour  has  nothing  to  do 
with  the  size  of. the  crystals,  but  is  connected  with  the  existence 
of  two  isomeric  forms  of  the  salt,  which  differ  slightly  also  in 
density  and  solubility.^  Potassium  ferrocyanide  does  not 
undergo  alteration  in  pure  air  at  the  ordinary  temperature, 
but  when  heated  to  60°  it  begins  to  lose  its  water  of 
crystallisation,  which  is  removed  completely  at  110°,  the 
anhydrous  salt  remaining  as  a  white  powder.  It  has  a  sweetish, 
saline,  and  somewhat  bitter  taste,  and  is  not  poisonous, 
acting  in  large  doses  as  an  aperient.  100  parts  of  water 
dissolve  about  38'5  parts  of  K^FeCyg  at  15°,  and  about  87 
parts  at  100°,  but  it  is  insoluble  in  alcohol  even  when  the 
latter  is  considerably  diluted  with  water.  When  its  solution  is 
exposed  to  light  for  some  time  Prussian  blue  separates  out,  and 
on  long- continued  boiling  of  the  solution  in  the  air  ammonia  is 
given  off  and  the  liquid  becomes  alkaline.  The  commercial 
salt  frequently  contains  considerable  quantities  of  potassium 
sulphate  which  can  be  removed  by  recrystallisation  only  with 
difficulty. 

Potassium  ferrocyanide,  in  addition  to  its  use  in  the  prepara- 
tion of  Prussian  blue  and  other  cyanogen  compounds,  is  em- 
ployed in  calico-printing,  and  also  for  the  case  hardening  of 
iron. 

Sodmm  Ferrocyanide  or  Yellow  Prussiate  of  Soda,  Na^FeCyg, 
lOHjO,  is  manufactured  in  the  manner  already  described,  and 
maybe  obtained  also  by  boiling  Prussian  blue  with  caustic  soda 
or  sodium  carbonate.  It  crystallises  readily  in  large  monoclinic 
prisms,  and  effloresces  slightly  in  the  air;  at  110°  it  loses  the 
whole  of  the  water,  the  residue  being  a  white  powder.  100 
parts  of  water  dissolve  about  27  parts  of  Na^FeCyt;,10H.p  at 
15°,  and  about  160  parts  at  100°. 

Ammonium   Ferrocyanide,   (NR^)iF.eCyg,S}i.p,    is    obtained 

by  the  action  of  ammonia  on  ferrocyanic  acid  or  on  Prussian 

■  blue,  and  crystallises  in   yellow  prisms  isomorphoua  with  the 

potassium  salt.   Its  solution  decomposes  readily  on  heating,  with 

evolution  of  ammonium  cyanide. 

Calcium  Ferrocyanide,  Ca2FeCy6,12H20,  is  I'ormed  when 
Prussian  blue  is  boiled  with  the  requisite  quantity  of  milk  of 
lime,  or  by  passing  hydrogen  cyanide  into  a  mixture  of  slaked 
1  Briggs,  Journ.  Chem.  Soc,  1911,  99,  1019. 
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lime  and  ferrous  hydroxide  suspended  in  water.  It  forms  pale 
yellow,  triclinic  prisms ;  one  part  dissolves  in  0'66  part  of 
water  at  90°,  and  it  is  even  more  soluble  in  cold  water.  The 
salt  is  very  efflorescent  and  the  analytical  results  for  the  water 
of  crystallisation  are  always  somewhat  lower  than  are  required 
for  1211  fi}  Measurements  of  the  osmotic  pressure  and  electrical 
conductivity  of  aqueous  solutions  of  calcium  and  strontium 
ferrocyanides  have  indicated  that  these  salts  are  associated  in 
solution.^ 

Fotassmm  Calcium  Ferrocyanide,  K2CaFeCyg,3H20,  and 
A'inmoniwn  Calcium  Ferrocyanide,  (NH^)2CaFeCyg,3H20, 
are  obtained  as  white  crystalline  precipitates,  very  sparingly 
soluble  in  water,  when  calcium  chloride  is  added  to  a  moderately 
concentrated  solution  of  potassium  or  ammonium  ferrocyanide, 
or  by  the  addition  of  potassium  or  ammonium  chloride  to  a 
solution  of  calcium  ferrocyanide. 

Strontium  Ferrocyanide,  Sr2FeCyg,14H20,  is  most  readily 
obtained  by  neutralising  ferrocyanic  acid  with  strontium 
hydroxide  or  carbonate.  It  is  very  soluble  in  water,  and 
crystallises  from  concentrated  solution  in  monoclinic  prisms, 
which  lose  7H2O  on  standing  in  the  air,  and  a  further  GH^O 
over  sulphuric  acid. 

Barium  Ferrocyanide,  BajFeCyg.GHgO,  is  obtained  by  boil- 
ing Prussian  blue  with  baryta  water,  or  by  the  action  of  ferrous 
sulphate  on  barium  cyanide.  It  forms  flat  monoclinic  prisms 
which  dissolve  in  580  parts  of  cold,  and  116  parts  of  boiling 
water. 

Barium  Potctssium  Ferrocyanide,  K2BaFeCye,3H20. — This 
salt  is  deposited  in  small  yellow  rhombohedra  when  boiling 
saturated  solutions  of  2  parts  of  potassium  ferrocyanide  and 
1  part  of  barium  chloride  are  mixed,  and  the  mixture  allowed 
to  cool.  It  dissolves  in  38  parts  of  cold,  and  95  parts  of  boiUng 
water. 

Magnesiimi  Ferrocyanide,  Mg2FeCyg,12H20,  is  prepared  in  a 
similar  manner  to  the  calcium  salt,  and  crystallises  in  pale 
yellow  needles  which  are  exceedingly  soluble  in  water.  The 
crystals  lose  5H2O  on  standing  in  the  air. 

Zinc  Ferrocyanide,  Zn2FeCye,  is  a  white  precipitate  used  in 
medicine. 

1  Colman,  Analyd,  1910,  35,  299.  Compare  Berkeley,  Hartley,  and 
Burton,  Phil.  Travs.,  1909,  209,  180. 

2  Berkeley,  Hartley,  and  Stephenson,  Phil.  Trans.,  1909,  209,  319. 
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Copper  Ferrocyanide,  CugFeCyg  +  aq,  is  a  fine  brown  precipi- 
tate known  as  Hatchett's  brown.  If  solutions  of  CuSO^  and 
K^FeCjg  are  allowed  to  come  into  contact  without  mixing, 
copper  ferrocyanide  is  formed  as  a  thin  membrane  at  the 
common  surface.  This  membrane  is  permeable  to  water,  but 
impermeable  to  various  dissolved  substances,  and  on  this  ground 
has  been  extensively  employed  in  the  investigation  of  osmotic 
pressure.^ 

A  large  number  of  other  ferrocyanides  and  double  ferro- 
cyanides  have  been  prepared,  many  of  which  crystallise  wcll.'^ 
Those  of  the  heavy  metals  are  mostly  sparingly  soluble  or 
insoluble  precipitates,  some  of  which  possess  characteristic 
colours,  as  in  the  case  of  copper  and  uranium,  and  potassium 
ferrocyanide  is  therefore  used  as  a  reagent  for  these  metals. 
The  ferrocyanides  of  iron  are  described  below. 

Ferricyanogen  Compounds. 

574  Ferricycmic  Acid,  H^FeCyg. — This  is  obtained  by 
decomposing  the  lead  salt  with  dilute  sulphuric  acid,  and 
evaporating  the  solution  at  a  moderate  temperature.  The  acid 
crystallises  in  brown  needles  and  has  an  astringent  acid  taste. 

Potassium  Ferricyanide,  KjFeCyg,  is  frequently  termed 
red  prussiate  of  potash,  and  is  formed  when  potassium  ferro- 
cyanide is  treated  with  oxidising  agents.  It  is  obtained  on  the 
large  scale  by  passing  chlorine  into  a  solution  of  the  yellow 
prussiate  : 

2K,FeCy6  +  Cl2  =  2K3FeCyg+  2KC1. 

By  repeated  crystallisation  it  may  be  readily  separated  from 
the  potassium  chloride  formed  at  the  same  time,  and  is  obtained  as 
large  dark-red  anhydrous  monoclinic  prisms,  sp.  gr.  1'8,  which 
occur  frequently  in  twin  forms.  Potassium  ferricyanide  pos- 
sesses a  faintly  astringent  and  saline  taste,  and  dissolves  in 
water  giving  a  yellowish-brown  solution,  which  on  dilution  as- 
sumes a  lemon-yellow  colour.  One  hundred  parts  of  water 
dissolve :  ^ 

At  4-4°  10"  15-6°  37-8°  lOO'' 

KjFeCyg        33-0-       36-()         397         588         77(), 

'  Traube,  Archiv  fi'ir  Arialomie  luid  Physiologic,  1867,  124  ;  Pfeffer, 
Osmotische  Un/ersuchuntjeu  (Leipzig,  1877);  Morse,  Amer.  Chem.  J.,  1911, 
45,  558. 

'  Wyrouboff,  Ann.  Cln'm.  Ph,/s.,  1869,  [4],  16,  280;  1870,  [4],  21,  271; 
1876,  [5],  8,  444  ;  Messner,  Zeil.  nnorn.  Chem.,  1895,  8,  368. 

'  Wallace,  Jonrn.  Chan.  Sac,  IHbb,  7,  80. 
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and  82  parts  at  104°,  the  boiling  point  of  the  saturated  solution. 
It  is  only  slightly  soluble  in  alcohol.  When  exposed  to  light 
the  solution  becomes  darker,  and  a  blue  precipitate  is  formed, 
potassium  ferrocyanide  remaining  in  solution.  When  the  salt 
is  heated  in  a  flame  it  burns,  and  when  mixed  with  ammonium 
nitrate  and  heated,  the  mixture  detonates.  It  is  a  powerful 
oxidising  agent,  especially  in  alkaline  solution,  converting  the 
monoxides  of  lead  and  manganese  into  dioxides,  and  forming 
jjotassium  chroraate  and  potasssium  ferrocyanide  when  boiled 
with  a  solution  of  chromium  sesquioxide  in  potash  : 

6KgFeCy6  +  Cr203  +  lOKOH  =  6K,FeCy6  +  2K2CrO,  +  SH^O. 

In  solution  it  is  reduced  to  ferrocyanide  by  sodium  amalgam, 
and  by  hydrogen  dioxide,  oxygen  being  evolved  in  the  latter 
case  : 

4K3FeCye  +  2H,0,  =  SK.FeCy^  +  H^FeCyg  +  20,. 

According  to  Locke  and  Edwards '^  an  isomeric  form  of 
potassium  ferricyanide  exists,  which  forms  olive-coloured  crys- 
tals having  the  composition  KgFeCyg.HgO.  The  solution  of 
this  salt  yields  precipitates  with  salts  of  the  heavy  metals 
which  are  not  identical  with  those  obtained  in  the  same  way 
from  ordinary  ferricyanide.  On  reduction  with  sodium  amal- 
gam, however,  it  yields,  like  the  ordinary  salt,  potassium  ferro- 
cyanide. 

Sodium  Ferricyanide,  2Na3FeCyg,H20,  is  obtained  by  the 
action  of  chlorine  upon  sodium  ferrocyanide.  It  dissolves  in 
1-2.5  parts  of  boiling,  and  5-3  parts  of  cold  water,  and  crystal- 
lises in  ruby-red  foiir-sided  prisms  which  deliquesce  on  exposure 
to  air. 

Ammonium  Ferricyanide,  2(NHJgFeCyg,H.p,  is  obtained 
in  a  similar  way  to  the  other  ferricyanides.  It  forms  fine  red 
monoclinic  prisms,  easily  soluble  in  water  and  permanent  in 
the  air. 

Zead  Ferricyanide,  Pb3(FeCyg).2,16H20,  is  formed  by  mixing 
hot  solutions  of  the  potassium  salt  and  lead  nitrate.  It  forms 
dark  reddish-brown  crystals  slightly  soluble  in  cold,  and  rather 
more  soluble  in  hot  water. 

The  ferricyanides  of  most  of  the  other  heavy  metals  are  pre- 
cipitates, generally  possessing  a  yellow,  greenish-brown,  or  red- 

^  Ainer.  Ghem.  J.,  1899,  21,  193. 
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dish-brown  colour,  whilst  some  of  them,  like  that  of  tin,  are 
colourless. 

Ferro-  and  Ferri-cyanides  of  Iron. 

575  As  already  mentioned  (p.  1249)  the  double  cyanides  of 
iron  were  the  earliest  known  cyanogen  compounds,  having  been 
first  obtained  in  1704.  In  spite,  however,  of  much  experimental 
work  by  Berzelius,  Liebig,  Williamson,  and  others,  the  exact 
composition  and  constitution  of  the  various  compounds  formed 
by  the  interaction  of  ferro-  and  ferri-cyanides  with  ferroixs  and 
ferric  salts  is  still  in  many  respects  doubtful.  This  is  largely 
owing  to  the  fact  that  the  preparation  of  these  compounds  in  a 
state  of  purity  is  very  difficult,  and,  moreover,  slight  alterations 
in  the  conditions  under  which  the  interaction  of  iron  salts  and 
the  ferrocyanides  takes  place  have  frequently  a  very  great 
influence  on  the  nature  of  the  product. 

576  Ferrous  Ferrocyanides. — When  ferrous  sulphate  is  added 
to  potassium  ferrocyanide  in  cold  neutral  solution  in  absence  of 
oxygen,  a  white  precipitate  is  obtained  having  the  composition 
Fe"K2[Fe"Cy6].  This  oxidises  with  great  rapidity  in  the  air, 
yielding  the  yS-soluble  blue  described  below.  In  acid  solution  a 
precipitate  of  similar  composition  is  formed,^  which,  however, 
differs  from  the  foregoing  in  being  less  readily  oxidised,  and 
yielding  7-soluble  blue  (p.  1262). 

A  third  substance  of  the  same  composition  is  obtained  as  an 
insoluble  compound  in  the  preparation  of  hydrocj^anic  acid 
by  the  action  of  sulphuric  acid  on  potassium  ferrocyanide 
(Vol.  I,  p.  840): 

2K,FeCye  -f  3  H^SO,  =  3K,S0,  -f  K,Fe"[Fe"Cy  J  +  6HCy. 

It  forms  a  pale-yellow  powder  which  is  seen  under  the  micro- 
scope to  consist  of  doubly  refractive  crystals  of  a  pale-greenish 
colour.  It  is  much  less  readily  oxidised  than  either  of  the 
other  compounds  already  described,  but  when  treated  with 
nitric  acid  or  hydrogfen  dioxide  is  converted  into  Williamson's 

violet  (p.  1263). 

Ferrous  Hydrogen  Ferrocyanide,  H^Fe^CFe^Cyg],  corre- 
sponding to  the  last  named  salt,  is  obtained  by  heating  ferro- 
cyanic   acid   solution  at  110-120°,  and  on  oxidation  yields   a 

I  Compare  Miiller  and  Treadwell,  /.  pr.  Chem.,  1909,  [ii],  80,  170. 
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violet  substance,  Fe"^H[Fe"Cy  J,  closely  resembling  Williamson's 
violet  in  appearance,  but  containing  no  alkali. 

577  Ferric  Ferrocyanidcs. —  These  substances  are  the 
most  important  of  the  iron-cyanogen  derivatives,  the  various 
substances  comprised  under  the  general  name  of  Prussian  blue 
belonging  to  this  class.  They  are  obtained  (1)  by  the  inter- 
action of  ferric  salts  and  ferrocyanides ;  (2)  by  the  interaction  of 
ferrous  salts  and  ferricyanides ;  (3)  by  the  oxidation  of  ferrous 
ferrocyanides  ;  and  (4)  by  the  reduction  of  ferric  ferricyanides. 
T'he  compounds  formed  in  the  different  ways,  although  they 
may  have  the  same  empirical  composition,  frequently  differ  in 
both  physical  and  chemical  properties. 

The  researches  of  Hqfmann  ^  have  shown  that  all  these 
compounds  consist  of  ferrocyanic  acid,  in  which  the  hydrogen 
is  either  wholly  or  partially  replaced  by  ferric  iron,  or  partly  by 
ferric  iron  and  partly  by  another  metal,  and  all  of  them  may  be 
represented  by  one  of  the  two  simple  formulae  :  (1)  FeJ"[Fe"CygJ3, 
and  (2)  Fe"'X[Fe"CygJ,  where  X  is  either  hydrogen  or  a  mono- 
valent metal.  The  molecular  weight  is,  however,  undoubtedly 
much  higher  than  that  shown  by  the  simple  formulae  just  given, 
and  the  products  having  the  same  empirical  composition  but 
different  chemical  and  physical  properties  are,  in  all  probability, 
jjolymeric  modifications  of  the  molecule  represented  by  the 
simple  formula. 

With  the  single  exception  of  one  of  the  ferric  ammonium 
ferrocyanides  norje  of  these  compounds  has  been  obtained 
anhydrous  or  in  the  crystalline  form.  The  remainder  are  all 
colloidal  substances,  which  still  retain  water  when  dried  for 
months  over  phosphorus  pentoxide,  and  this  water  cannot  be 
removed  by  heat  without  simultaneous  decomposition  of  the 
compound.  On  account  of  their  colloidal  nature,  it  is  extremely 
difficult  to  prepare  them  in  a  state  of  purity,  as  like  other 
similar  substances  they  obstinately  retain  salts,  and  on  this 
account  very  varying  formulas  have  been  attributed  to  them  in 
the  past  by  various  workers. 

All  the  ferric  ferrocyanides  possess  an  intensely  blue  or 
violet  colour,  and  form  valuable  dyes,  differing  in  this  respect 
from  all  the  other  ferrocyanides,  for  although  most  of  the  latter 
are  coloured,  none  of  them  can  be  described  as  colouring  matters. 
Hofmann    and  Resenscheck  ^    suggest  that   the   cause    of  the 

'  Annahn,  19(14,  337,  1  ;  1905,  340,  -'67  ;  19(1.5,  342,  364  ;  1907,  352,  51  ; 
J.  pr.  Chem.,  1909,  [ii],  80,  150.  2  Annahn,  1905,  342,  364. 
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intense  colour  is  the  presence  in  the  same  iiioli^cule  of  ferrous 
and  ferric  iron  atoms,  and  point  out  that  similar  intense  colour 
is  present  in  many  other  compounds  containing  the  same 
element  in  different  states  of  oxidation,  as  in  sulphur  sesqui- 
oxide,  red  lead,  and  the  tungsten  bronzes.  It  has  also  been 
supposed  that  the  presence  of  chemically  combined  water  was 
essential  to  the  production  of  the  colour,  but  the  preparation  of 
an  anhydrous  ferric  ammonium  ferrocyanide  by  Hofmann  and 
Arnoldi  ^  disproves  this  suggestion,  as  that  substance  is  still 
intensely  coloured. 

a-Soluhle  Prussian  Blue,  or  a-Ferric  Potassium  Ferrocyanide, 
4Fe"'K[Fe"Cyg],7H20,  is  obtained  by  precipitating  a  solution 
of  potassium  ferrocyanide  with  slightly  less  than  one  equivalent 
of  a  ferric  salt ;  the  precipitate  is  washed  by  decantation  with 
potassium  chloride  solution,  and  then  with  70  per  cent.  alcohoL 
and  dried  over  phosphorus  pentoxide.  It  forms  a  voluminous 
mass,  having  a  beautiful  bronze  reflex,  and  yields  a  deep-blue 
powder.  It  dissolves  in  pure  water  forming  a  deep-blue  solu- 
tion, and  like  other  colloids  is  precipitated  by  the  addition  of 
salts.  It  also  dissolves  readily  in  oxalic  acid  and  is  quickly 
converted  into  ferrocyanide  and  ferric  hydroxide  by  dilute 
ammonia.  The  water  in  the  dried  substance  cannot  be  driven 
off  without  decomposition  taking  place,  and  is  therefore 
probably  "  constitutional  "  water.  Hofmann  states  that  it  is  in 
all  probability  a  basic  ferric  salt  of  the  simplest  foi-mula 
(HO)2Fe"^[Fe"Cy(i]KH2,  two  molecules  of  which  have  lost  one 
molecule  11,0,  forming  the  anhydro-salt : 

KH2[Fe"Cye]Fe"'(0H).0.(H0)Fei"[Fe"Cye]KH,. 

When  treated  with  dilute  acid  it  loses  potassium,  yielding  the 
corresponding  a-ferric  hydrogen  ferrocyanide,  Fe"'H[Fe"Cyg] -|- 
aq.,  which  closely  resembles  the  ferric  potassium  salt,  but  is 
insoluble  in  water. 

When  a  solution  of  potassium  ferricyanide  is  precipitated 
with  slightly  less  than  one  equivalent  of  ferrous  salt  a  soluble 
Prussian  blue  is  produced,  which  its  mode  of  formation  would 
indicate  to  be  a  ferrous  potassium  ferricyanide,  Fe"K[Fe"'Cyg]. 
It  has,  however,  been  shown  by  Skraup,^  and  by  Hofmann, 
Heine,  and  Hochtlen,^  that  this  substance  is  identical  with  that 
obtained    in   the   manner   already   described   from   potassium 

1  Ber.,  1906,  39,  2204.  ^  Annakn,  1877,  186,  371. 

3  AnnaUn,  1904,  337,  1. 
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ferrocyanide  and  a  ferric  salt.  Evidence  other  than  that  of  the 
method  of  formation  is  therefore  necessary  to  decide  whether 
the  substance  possesses  the  constitution  (1)  or  (2). 

(1)  _  (2)       ^ 

Ferric  Potassium  Ferrocyanide.  Ferrous  Potassium  Ferricyanide. 

Fe"iK[Fe"Cy6].  Fe"K[Fe"iCy6J. 

Alkalis  decompose  it  into  potassium  ferrocyanide  and  ferric 
hydroxide,  which  is  in  ftivour  of  the  first  formula,  but  this  is  not 
conclusive,  inasmuch  as  potassium  ferricyanide  and  ferrous 
hydroxide,  which  would  be  the  products  formed  from  a 
substance  of  the  second  formula,  immediately  interact,  yielding 
ferrocyanide  and  ferric  hydroxide.  Hofmann  has,  however, 
shown  that  dilute  hydrogen  dioxide  containing  acid,  which 
readily  reduces  the  ferricyanogen  group  to  ferrocyanogen,  but 
has  no  effect  on  ferric  salts,  quickly  reduces  a  ferric  ferricyanide 
solution  to  Prussian  blue,  and  also  oxidises  the  ferrous  ferro- 
cyanides  to  Prussian  blue.  This  must  therefore  contain  the 
ferric  iron  as  the  basic  constituent,  and  ferrous  iron  in  the  acidic 
radical,  as  given  in  formula  (1).  In  fact  all  the  blue  iron 
cyanogen  compounds  are  ferric  ferrocyanides,  the  ierroiis  ierri- 
cyanides  apparently  not  being  capable  of  permanent  existence, 
intramolecular  change  taking  place  where  their  formation  would 
be  expected. 

^-Soluble  Prussian  Bhoe,  Fe"'K[Fe"Cye],H20,  is, obtained  by 
the  oxidation  of  the  ferrous  potassium  ferrocyanide  obtained 
in  neutral  solution  (p.  1259).  It  is  soluble  in  water,  and  differs 
from  the  previous  compound  chiefly  by  its  insolubility  in  oxalic 
acid. 

y-SoluUe  Prussian  Blue  is  prepared  in  a  similar  manner  by 
oxidising  the  ferrous  potassium  ferrocyanide  obtained  in  cold 
acid  solution.  It  is  soluble  in  water,  but  is  much  more  stable 
towards  alkalis  than  the  two  previous  compounds,  and  only 
loses  the  potassium  with  difficulty  by  the  action  of  dilute  acids 
or  of  ferric  chloride. 

Williamson's  Violet,  Fe'"K[Fe"Cy6],H20.— This  substance 
was  first  obtained  by  A.  W.  Williamson  by  the  action  of  nitric 
acid  or  some  other  oxidising  agent  on  the  residue  left  in  the 
preparation  of  hydrocyanic  acid  from  potassium  ferrocyanide 
(p.  1259).  It  forms  a  deep  violet-blue  powder,  which  is  trans- 
parent in  thin  layers,  allowing  green  light  to  pass  through.  It 
is  much  more  stable  than  any  of  the  three  compounds  already 


MONTHIERS'    BLUE  1263 

described  of  the  same  empirical  composition,  being  quite 
insoluble  in  mineral  acids,  which  do  not  lemove  the  potassium, 
and  also  in  oxalic  acid,  and  being  only  very  slowly  decomposed 
by  dilute  alkalis. 

Hofmann  regards  fy-soluble  blue  and  Williamson's  Violet  as 
formed  by  the  union  of  two  molecules  of  the  simple  substance 
Fe'"K[Fe"Cyg],  the  former  having  an  unsymmetrical  and  the 
latter  a  symmetrical  constitution,  as  shown  by  the  formulfe  : 

y-Solahle  Blue.  Williamson' ■■<  Violet. 

Fe'"  Fe'" 

Fe"Cyo^         )Fe"Cy„K„     KFe''Cy,{         \Fe"Cy„K. 

In  addition  to  the  ferric  potassium  compounds,  several  ferric 
ammonium  compounds  have  been  prepared. 

MontUers'  Blue,  Fe'"NH^[Fe"Cy6],H20,  was  first  obtained  by 
Monthiers  ^  by  the  oxidation  of  the  white  precipitate  formed 
by  the  action  of  ammoniacal  ferrous  chloride  on  potassium  ferro- 
cyanide,and  given  by  him  the  formula  (Fe2)2(FeCyg)3,6NH3,9H„0, 
but  it  has  been  shown  by  Hofmann,  Arnoldi,  and  Hiendlmaier  ^ 
to  have  the  formula  given  above.  It  is  also  formed  if  any 
of  the  soluble  Prussian  blues  be  exposed  to  sunlight  with 
ammonium  oxalate  solution,  and  the  resulting  white  compound 
oxidised  by  hydrogen  dioxide,  but  is  most  readily  obtained 
by  acting  on  a  solution  containing  potassium  ferrocyanide, 
ammonium  chloride,  and  ammonia  with  iron  wire,  and  oxidising 
the  green  precipitate  with  hydrogen  dioxide.  It  is  a  deep-blue 
powder  having  an  enamel-blue  reflex,  is  soluble  in  water  and 
oxalic  acid,  and  is  decomposed  somewhat  slowly  by  dilute 
alkalis. 

A  crystalline  anhydrous  ferric  ammonium  ferrocyanide, 
Fe"^NH^[Fe"CygJ,  is  obtained  together  with  nitroprusside 
by  heating  a  solution  of  hydroxylamine  hydrochloride  with  one 
of  potassium  ferrocyanide,  and  forms  a  deep-blue  insoluble 
powder,  which  is  seen  under  the  microscope  to  consist  of  opaque 
violet-red  lustrous  cubes.  In  its  properties  it  very  closely 
resembles  Williamson's  violet.^ 

Insoluble  Prussian  Blue,  or  Ferric  Ferrocyanide,  Fe"'4[Fe"Cy6J3 
or  Fe^Cyig,  is  prepared  by  precipitating  a  solution  of  a  soluble 
ferrocyanide  with  an  excess  of  ferric  salt,  or  by  the  action  of 

1  J.  Pharm.,  1846,  [3],  9,  262.  ^  Annalen,  1907,  352,  54. 

'■>  Hofmann  and  Arnoldi,  Btr.,  1906,  39,  2204. 
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the  latter  on  soluble  Prussian  blue.  The  exact  composition  of 
the  precipitate  depends  on  the  proportions  of  ferric  salt  and 
ferrocyanide  taken,i  and  it  is  exceedingly  difficult  to  free  it  from 
the  last  traces  of  alkali.  The  precipitate  is  insoluble  in  water 
and  dilute  mineral  acids,  but  dissolves  in  ammonium  tartrate 
solution,  forming  a  violet  liquid,  and  in  oxalic  acid  forming  a 
blue  solution.  The  latter  was  formerly  largely  used  as  a  blue 
ink,  but  has  now  been  replaced  by  the  blue  aniline  colours. 

The  dried  substance  contains  water  which  cannot  be 
driven  off  without  decomposition,  the  amount  corresponding 
approximately  to  the  formula,  Fe7Cyjg,9H„0,  or  FeyCyjg,!©!!^. 
When  strongly  heated  in  the  air  it  burns  like  tinder  forming 
fei'ric  oxide,  and  it  is  decomposed  by  alkalis  into  ferric  hydroxide 
and  the  ferrocyanide  of  the  alkali  employed.  Concentrated 
sulphuric  acid  converts  it  into  a  white  mass,  neither  iron  nor 
hydrocyanic  acid  being  removed,  and  when  this  is  dried  on  a 
porous  plate,  an  amorphous  powder  remains  which  is  decomposed 
by'  water  into  Prussian  blue  and  sulphuric  acid  (Berzelius). 
Prussian  blue  also  dissolves  in  hot  concentrated  hydrochloric 
acid,  forming  a  yellow  solution  from  which  ferrocyanic 
acid  separates  on  standing.  It  dissolves  more  readily  in  a 
mixture  of  hydrochloric  acid  with  ethyl  alcohol  or  higher 
alcohols,  or  with  amyl  acetate,  small  quantities  of  water  causing 
a  blue  precipitate  in  the  solutions.^ 

Tunibidl's  Blue. — Gmelin  obtained  a  bine  compound  by  the 
precipitation  of  potassium  ferricj'anide  with  excess  of  ferrous 
salt,  which  was  afterwards  manufactured  in  England  under  the 
name  of  Turnbull's  blue.  From  its  mode  of  preparation  it  was 
supposed  to  be  ferrous  ferricyanide,  Fe"[Fe''"CygJ2  °''  ^^filvi' 
but  it  has  been  found  ^  that  the  compound  thus  formed,  after  it 
has  been  washed  in  presence  of  air,  during  which  oxidation 
probably  takes  place,  is  identical  with  the  insoluble  Prussian  blue 
obtained  from  ferric  salts  and  ferrocyanides  (see  also  p.  1260). 

Another  ferric  ferrocyanide  differing  from  that  above 
described,  has  been  obtained  by  Hofmann  and  Resenscheck  by 
the  action  of  hydrogen  dioxide  on  a  solution  of  ferric  ferricyanide 
in  presence  of  an  excess  of  strong  hydrochloric  acid.     It  has  the 

1  Volschin,  J.  Jinss.  Phys.  Ohem.  Soc,  1908,  40,  480  ;  Miiller  and  Stanisoh, 
/.  pr.  Ohtm.,  1909,  [ii],  79,  81  ;  80,  153. 

°  Coffignier,  Jjii//.  Soc.  chim.,  1902,  [3],  27,  696;  Watson  Smith,  /.  Soc. 
Chem.  Ind.,  1903,  22,  472. 

2  Hotmaim,  Heine,  and  Hochtlen,  AvimIkii,  1904,  337,  I.  Compare,  how- 
ever, Miiller  and  Stauisch,  /.  pr.  Chem.,  1909,  [ii],  79,  81  ;  80,  153. 
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composition  Fe7Cyjsj,10H;2O,  but  in  colour  resembles  William- 
son's violet,  and  is  insoluble  in  oxalic  acid. 

Commercial  Prussian  Bkie  is  a  mixture  of  a  number  of  the 
.  ferric  ferrocyanides  above  described,  and  consequently  varies 
considerably  in  its  colour  and  appearance.  It  is  sold  in  the 
form  of  lumps,  powder,  and  paste.  All  these  have  a  deep  blue 
colour  and  show  a  bronze  reflex  in  varying  degree.  The  finest 
variety,  known  as  Paris  blue,  is  obtained  by  the  precipitation  of 
potassium  ferrocyanide  by  a  ferric  salt,  and  the  lumps  of 
this  product,  especially  when  wet,  have  a  splendid  bronze 
lustre.  As  ferric  salts  are  dear,  the  blue  is  usually  made  by 
precipitating  a  ferrocyanide  with  ferrous  salt,  and  oxidising  the 
product  by  an  oxidising  agent  such  as  bleaching  powder.  The 
exact  conditions  under  which  the  preparation  is  carried  out  are, 
however,  mostly  kept  secret  by  the  makers. 

Prussian  blue  is  still  employed  as  a  dye,  although  to  a  less 
extent  than  formerly,  having  been  to  a  considerable  degree 
replaced  by  the  coal-tar  colours. 

578  Ferric  Ferricyanides. — When  a  ferric  salt  is  added  to  a 
solution  of  a  ferricyanide  no  precipitate  is  obtained,  but  the 
.solution  assumes  a  dark-brown  colour,  and  probably  contains 
ferric  ferricyanide,  although  no  solid  compound  of  that  com- 
position has  been  isolated  from  it. 

Prussian  Green. — When  an  excess  of  chlorine  is  allowed  to  act 
on  a  solution  of  a  ferro-  or  ferri-cyanide,  or  on  W^illiamson's 
violet,  a  green  hydrated  compound  is  precipitated,  to  which  the 
name  Prussian  green  has  been  given.  The  composition  of  this 
substance  is  variable,  and  numerous  formulae  have  been  proposed 
for  it,  such  as  FegCyg,  'Pefiy■^^,  FegCyg^.  It  has,  however,  been 
shown  by  Messner  ^  that  when  chlorine  is  passed  through  a 
boiling  solution  in  the  dark,  until  no  further  action  takes  place, 
and  the  precipitate  is  washed  with  water  in  the  dark,  the  green 
product  has  the  empirical  formula  FeCyg,  and  is  probably  a 
polymeric  ferric  femcyanide,  [Fe'"(Fe"'CyB)]a;.  It  readily  loses 
cyanogen,  forming  Prussian  blue,  this  being  the  cause  of  the 
varying  composition  found  by  the  former  investigators.  It  is 
doubtful  whether  the  compound  when  pure  has  a  green  colour, 
this  being  probably  due  to  the  presence  of  traces  of  Prussian 
blue. 

1  Zeit.  anorg.  Chem.,  1895,  9,  136. 
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Iron    Pentacyano-Derivatives. 

579  It  has  already  been  stated  that   one   of   the  cyanogen' 
groups  in   ferro-  and   ferri-cyanides  can  be  replaced  by  other 
groups,  forming  stable   salts,  which   in  general  properties  are 
closely  allied  to  these  substances. 

Carhonylfcrrocyanic  Acid,'  H3[Fe"(CO)Cy5]. — The  potamum 
salt  of  this  acid  is  slowly  formed  by  the  action  of  carbonic  oxide 
on  boiling  potassium  ferrocyaoide  solution,  the  group  CO 
replacing  1  molecule  of  potassium  cyanide,  which  undergoes 
conversion  into  potassium  formate  and  ammonia  :  ^ 

K.FeCyc  +  CO  +  ^H^O  =  K3Fe(CO)Cy5  +  NH3  +  H.CO.OK. 

It  forms  pale-yellow  crystals  containing  4H2O.  The  free  acid 
forms  colourless  crystalline  plates. 

The  salts  of  this  acid  are  almost  invariably  present  in  the 
crude  ferrocyanides  obtained  from  coal-gas,  their  formation 
being  due  to  the  carbonic  oxide  always  present  in  the  gas. 
They  are  readily  separated  by  treatment  with  dilute  alcohol,  in 
which  the  carbonylferrocyanides  are  soluble,  and  the  ferro- 
cyanides insoluble.' 

With  ferric  chloride  the  carbonylferrocyanides  give  a  pre- 
cipitate o{  firric  carlonylferrocyanide,  Fe"^[Fe"(CO)Cy,]-f-aq., 
which  differs  firom  Prussian  blue  in  possessing  an  intense 
purple  colour.  The  copper  salt  is  a  pale  apple-green  pre- 
cipitate. 

Nitroprussiic.  acid  or  Nitrosoferricyanic  Acid,  'H.^Q^^^Q^O)Gy^. 
— Gmelin  and  other  chemists  observed  that  the  coffee-brown 
solution  obtained  by  the  action  of  nitric  acid  on  potassium 
ferrocyanide  yields  a  splendid  purple-red  colour  when  treated 
with  the  sulphides  of  the  alkalis.  Playfair,^  in  1849,  showed 
that  this  reaction  is  produced  by  the  presence  of  a  peculiar 
compound  which  is  formed  by  the  action  of  nitric  acid  on  ferro- 
or  ferri-cyanides,  which  he  termed  nitroprussic  acid,  and  which 
may  be  regarded  as  ferricyanic  acid  in  which  one  of  the  Cy 
groups  has  been  replaced  by  the  nitroso- group  NO. 

'  MuUer,  Ann.  Chim.  Phys  ,  188IT,  [6],  17,  93;  Com/,/,  rend.,   1898,  126, 
1421. 

2  Compare  Lecoccj,  Bull.  Snr.  rh!,ii.  Bi-hj.,  1911,  25,  72. 
^  Phil.  Trans.,  1849,  139,  477. 
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The  acid  is  formed  when  nitric  oxide  is  passed  into  an  acid 
solution  of  potassium  ferrocyanide,  the  ferrocyanic  acid  being 
first  oxidised  to  ferricyanic  acid,  upon  which  nitric  oxide  then 
acts  as  follows : 

H3FeCy„+ NO  =  H,[Fe(NO)CyJ  +  HCy. 

The  potassium  salt  is  formed  also  by  the  action  of  potassium 
nitrite  on  a  mixture  of  potassium  cyanide  and  a  ferrous  salt : 

5KCy  +  2FeS0, + KN  0,  -f  H,0  = 

K2[Fe(N0)Cy  J  +  FeCOH)^  +  2K2SO,, 

the  ferrous  hydroxide  being  further  converted  into  ferric 
hydroxide/  with  liberation  of  ammonia,  by  the  action  of  the 
nitroprusside  or  the  nitrite. 

Nitroprussides  may  be  prepared  from  either  ferrocyanides  or 
cyanides.  In  the  former  case  powdered  potassium  ferrocyanide 
is  treated  with  double  its  weight  of  strong  nitric  acid  previously 
mixed  with  an  equal  volume  of  water.  The  coffee-coloured 
solution  evolves  carbon  dioxide,  nitrogen,  cyanogen,  and  hydro- 
cyanic acid,  and  as  soon  as  solution  is  complete  it  is  warmed 
on  the  water-bath  till  a  portion  of  the  liquid  gives  a  slate- 
coloured  precipitate  with  feiTous  sulphate.  On  cooling,  the 
liquor  is  poured  off  from  the  separated  potassium  nitrate,  and 
neutralised  with  sodium  carbonate.  The  solution  is  then  con- 
centrated, filtered,  and  the  nitrates  separated  by  fractional 
crystallisation,  or  the  copper  salt  may  be  precipitated  and 
decomposed,  after  washing,  with  soluble  bases. 

To  obtain  them  from  cyanides,  a  concentrated  aqueous  solution 
of  ferrous  sulphate  is  mixed  with  a  solution  of  equal  parts  of 
potassium  cyanide  and  sodium  nitrite,  and  allowed  to  remam 
for  five  hours  at  the  ordinary  temperature.  Ferric  hydroxide 
separates,  and  nitrogen  and  nitric  oxide  are  evolved.  The 
solution  is  then  heated  to  25°  for  a  short  time,  made  slightly 
alkaline  with  caustic  soda,  filtered,  and  the  salt  obtained  by 
crystallisation. 

Nitroprussic  acid  is  formed  by  decomposing  the  silver  salt  with 
hydrochloric  acid,  or  the  barium  salt  with  dilute  sulphuric  acid. 
The  red,  strongly  acid  solution  leaves  on  evaporation  in  a 
vacuum  dark-red  deliquescent  prismatic  needles.     This   com- 

1  Stadeler,  Annahn,  1869,  151,  1. 

4  M  2 


1268  IRON 

pound  is  very  unstable  and  partially  decomposes  during  the 
concentration  of  the  liquid  with  formation  of  ferric  hydroxide, 
hydrocyanic  acid,  &c. 

Potassium  Nitroprusside,  K2[Fe(N0)Cy,r,],  forms  dark-red 
monoclinic  prisms  which  deliquesce  in  the  air  and  are  readily 
soluble  in  water. 

Sodium  Nitroprusside,  Na2[Fe(NO)Cy5],2H20,  crystallises 
most  readily  of  all  the  nitroprussides,  and  is  usually  prepared  by 
concentrating  the  solution  prepared  as  above  described  until  a 
sufficient  quantity  of  nitroprusside  has  crystallised  out.  This  is 
then  removed  from  the  warm  solution  in  order  to  avoid  any 
admixture  of  nitrates.  It  is  purified  by  crystallisation  and 
forms  large  ruby-red  rhombic  prisms.  It  dissolves  in  2 '5  parts  of 
water  at  15°,  and  is  more  soluble  in  hot  water.  When  exposed 
to  light,  the  solution  decomposes  with  separation  of  Prussian 
blue  and  nitric  oxide.  Boiled  with  caustic  soda  ferrous 
hydroxide  is  separated,  sodium  ferrocyanide  and  sodium  nitrite 
being  formed. 

The  nitroprussides  of  ammonium  and  of  the  alkaline  earth 
metals  also  form  red,  easily  soluble  salts,  their  solutions  decom- 
posing on  standing  or  on  boiling,  with  separation  of  Prussian 
blue  and  ferric  oxide.  The  silver  salt  and  the  ferrous  salt  are 
flesh-coloured  precipitates. 

The  splendid  purple  colour  which  the  nitroprussides  impart 
to  a  solution  of  an  alkaline  sulphide  is  very  characteristic,  and 
this  reaction  is  employed  both  for  the  detection  of  alkali 
sulphides  and  of  small  quantities  of  alkalis  and  alkaline  earths 
in  solution,  by  passing  a  little  sulphuretted  hydrogen  through 
the  liquid  in  the  latter  case  and  then  adding  a  few  drops  of 
nitroprusside  solution. 

The  purple  compound  thus  produced  is  very  unstable;  its 
constitution  is  uncertain,  but  is  very  probably  represented  by 
the  formula  Na3[Fe"(0:N.SNa)Cy5J,  as  Hofmann.i  by  the 
action  of  thiourea,  CS(NH2)2,  on  sodium  nitroprusside,  has 
obtained  the  compound  Na,[Fe"(0:N.SCNH.NH2)CyJ,  which 
forms  a  beautiful  carmine-red  powder,  closely  resembling  in  its 
properties  the  substance  formed  from  nitroprussides  and 
sulphides. 

Starting  from  sodium  nitroprusside,  Hofmann  has  obtained 
the  following  substituted  ferro-  and  ferri-cyanides  : 

'  Aimaltii,  1900,  312,  1;  compare  Virgili,  Zeit.  anal.  Chem.,  1906,  45, 
409. 
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Sodium  nitroferrocyanide,         Na^[Fe"(NO2)Cy,.J,10H„O, 
Potassium  nitroferricyanide,     K3[P''e'"(N02)Cy5i, 
Sodium  aquoferrocyanide,         Na3[Fe"(H20)Cy5],7H20, 
Sodium  aquoferricyauide,  Na2[Fe"'(H20)Cy5], 

Sodium  ammonioferrocyanide,  Na3[Fe"(NH3)Cy5],6H20, 
Sodium  ammonioferricyanide,  Na2[Fe'"(NH3)CyJ,H20, 
Sodium  sulphitoferrocyanide,  Na,[Fe"(S03)Cyj!9H.,0,' 
Sodium  arsenitoferrocyaaide,    Na^[Fe"(As02)Cy5],l()H„0. 

The  substituted  ferrocyanides  are  yellow  or  reddish-yullow 
crystalline  salts,  which  give  blue  precipitates  with  ferric  salts, 
and  brownish-red  precipitates  with  copper  salts.  The  sub- 
stituted ferricyauides  have  a  deep  carmine-red  or  purple 
colour,  and  give  no  precipitate  with  ferric  salts,  and  pale-green 
precipitates  with  copper  salts.  All  these  compounds  are  con- 
verted into  sodium  ferrocyani(Je  by  boiling  with  sodium  cyanide 
solution. 

Iron  Thiocvanates. 

580  Ferrous  Thiocyanate,  Fe(SCN)2,3H20,  is  obtained  in 
large  pale-green  monoclinic  crystals  by  dissolving  iron  wire 
iu  concentrated  thiocyauic  acid  and  evaporating  the  liquid  in 
absence  of  air.  The  salt  dissolves  readily  in  water,  alcohol, 
and  ether,  and  becomes  red-coloured  on  exposure  to  the  air. 

Ferric  Thiocyanate,  Fe(SCN)3,3H.20.  —  This  compound  is 
obtained  in  the  pure  state  when  a  mixture  of  anhydrous  ferric 
sulphate  and  potassium  thioc3'anate  in  equivalent  proportions  is 
treated  with  alcohol  and  the  solution  evaporated  over  sulphuric 
acid  in  a  vacuum.  Dark-red  or  almost  black  cubical  crystals 
are  deposited,  and  these  dissolve  readily  in  water,  alcohol,  and 
ether.  If  a  concentrated  aqueous  solution  is  shaken  with  ether 
it  becomes  colourless  and  the  ether  attains  a  purple-red  coloui-. 
The  aqueous  solution  is  also  decolorised  in  presence  of  reduc- 
ing agents  as  well  as  on  treatment  with  mercuric  chloride  or 
gold  chloride. 

A  solution  of  ferric  thiocyanate  is  not  permanent,  and  the 
colour  gradually  fades  when  the  solution  is  allowed  to  stand  at 
the  ordinary  temperature.^  This  bleaching  is  due  to  the 
progressive  reduction  of  the  iron  to  the  ferrous  condition,  and  it 
has  been  shown  that  in  the  corresponding  oxidation  of  thio- 

'  See,  for  example,  Oeruni,  ZkU.  anal.   Chem.,  1904,  43,   I.VJ;   .Stokes  ^nd 
Cain,  /.  Amer.  Chem.  Soc,  1907,  29,  412,  445. 
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cyanate  which  occurs,  carbon  dioxide,  sulphuric  acid,  and 
ammonia  are  formed.'^ 

The  reaction  between  a  ferric  salt  and  potassium  thiocyanate 
in  aqueous  solution  is  not  complete  when  equivalent  quantities 
are  employed,  and  the  state  of  equilibrium  which  is  produced  in 
any  mixture  of  the  two  depends  on  the  degree  of  dilution,  the 
temperature,  and  the  relative  proportion  of  the  two  salts  present.^ 
When  the  deep  red  solution  is  diluted  so  as  to  be  almost  colour- 
less and  potassium  thiocyanate  then  added  the  deep-red  colour 
is  again  produced. 

The  iron  thiocyanates  form  double  salts  with  other  thio- 
cyanates,  which  are  analogous  to  the  ferro-  and  ferri-cyanides, 
and  have  the  general  formula  M'^Fe(CNS)g  and  M'gFeCCNS)^. 
Unlike  these,  however,  they  are  very  unstable  substances  and 
are  completely  dissociated  by  water  into  the  constituent  salts.^ 

Iron  and  Silicon. 

581  suicides  of  Iron. — Iron  can  readily  be  alloyed  with  silicon, 
and  since  silica  and  silicates  are  reduced  by  carbon  in  the  pre- 
sence of  iron,  all  cast  iron  contains  silicon,  probably  in  the  form 
of  a  silicide  (p.  1187). 

The  compound  Fe.jSi  is  obtained  by  heating  iron  with  silicon 
in  the  electric  furnace,  and  forms  magnetic  prisms  of  specific 
gravity  7.  It  is  readily  attacked  by  hydrofluoric  acid,*  and  by 
sulphur  chloride.^ 

Compounds  of  the  formulas  FeSi,  FeSia,  and  FcgSig  have  also 
been  described.'^ 

Mixtures  of  iron  and  silicon,  known  as  ''  ferro-silicon  "  and 
containing  up  to  90  per  cent,  silicon,  are  prepared  in  the  electric 
furnace  on  a  large  scale.  Under  certain  conditions  ferro-silicon 
is  liable  to  decompose,  giving  off  poisonous  gases/ 

1  Philip  and  Bramley,  Joum.  Ghem.  Soc,  1913,  103,  795. 

'  Kruss  and  Moraht,  Ber.,  1889,  22,  2061  ;  Zeit.  anory.  Chem.,  1892,  1,399; 
iMagnanini,  Zeit.  physikaL  Chem.,  1891,  8,  1  ;  Vernon,  Ohem.  Neios,  1892,  66, 
177  et  se.q.  ;  1893,  67,  66  ;  Gladstone,  ibid.,  1893,  67,  1. 

3  Rosenheim  and  Cohn,  Zeit.  anorg.  Chem.,  1901,  27,  280. 

■■  Moissan,  Compt.  rend.,  1895,  121,  621. 

^  Nioolardot,  Compt.  rend.,  1908,  147,  676. 

«  Compare  Guertler  and  Tammann,  Zrif.  anorij.  Chem.,  1905,  47,  163; 
Vigouroux,  Compt.  rend.,  190.".,  141,  828;   Vanzutti,   Oa;:..,  1906,  36,  i,  498. 

'  See  Zeit.  y<ihi:  aumi.-<m.,  1906,  12,  1.32;  /.  .S'or.  Chtm.  Ind.,  1907,  26, 
968 ;  1909,  28,  25,  143  ;  1910,  29,  154,  280,  355,  955  :  Slahl  und  Eim,,  1912, 
32,  267. 
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-Silicates  0/ /to??.— Several  ferrous  and  ferric  silicates  occur  in 
the  mineral  kingdom,  but  they  are  more  frequently  found  as 
double  silicates,  in  which  the  alkali  metals  and  the  metals  of  the 
alkaline  earths  are  present.  These  are  generally  isomorphous 
mixtures  in  which  ferric  oxide  is  replaced  by  alumina,  whilst 
lime,  magnesia,  and  the  alkalis  are  substituted  by  ferrous  oxide, 
manganous  oxide,  &c.  For  a  description  of  these  compounds 
works  on  mineralogy  must  be  consulted. 

The  Iron  Tree. — In  Glauber's  description  of  the  preparation  of 
oleum  mcirtis  (see  p.  1228)  the  following  passage  occurs:—"  When 
such  a  red  massa  before  it  deliquesces  to  an  oleum  is  laid  in 
olettm  arcnce  vel  silicum  (the  modern  sodium  silicate)  for  one 
or  two  hours,  a  tree  grows  out  of  it,  with  roots,  stems,  many 
branches,  and  twigs,  wonderful  to  behold."  This  phenomenon 
depends  upon  the  fact  that  water-glass,  which  always  contains 
some  carbonate,  decomposes  the  ferric  chloride  into  ferric 
silicate  and  basic  ferric  carbonate,  whilst  bubbles  of  carbon 
dioxide  are  given  off,  and  thus  filiform  processes  are  produced. 
In  place  of  the  ferric  chloride,  ferrous  chloride,  cobalt  chloride, 
nickel  chloride,  copper  nitrate,  and  many  other  easily  soluble 
metallic  salts  may  be  employed,  and  thus  a  series  of  differently 
coloured  coral-like  growths  may  be  produced. 

Detection  and  Estimation  of  Iron. 

582  The  ferrous  salts,  as  has  been  stated,  readily  absorb 
oxygen,  and  their  solutions,  therefore,  usually  contain  larger  or 
smaller  quantities  of  the  ferric  salts.  Hence  they  give  a 
bluish-white  precipitate  with  ferrocyanide  of  potassium,  and 
this  on  shaking  with  air  assumes  a  dark-blue  colour.  Ferri- 
cyanide  of  potassium  produces  at  once  a  dark-blue  precipitate, 
whilst  the  ferric  salts  are  coloured  dark-brown  by  this  reagent, 
no  precipitate  being  formed.  By  these  reactions  it  is  easy  to 
ascertain  whether  a  ferrous  or  a  ferric  salt,  or  a  mixture  of 
both,  is  contained  in  a  solution. 

With  alkalis,  ferrous  salts  give  a  white,  or  usually  greenish 
precipitate,  which  quickly  changes  to  a  dark-green  colour  on 
exposure  to  air,  and  afterwards  becomes  brown.  Fe  ic  salts 
give  at  once  a  brown  precipitate.  The  presence  of  these  latter 
may  also  be  readily  ascertained  by  the  blood-red  colour  which 
they  produce  with  soluble  thiocyanates.  A  bead  of  microcosmic 
salt  or  borax  is  coloured    dark-green    by  ferrous  salts.      This 
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colour  readily  changes  to  a  yellow  or  reddish-brown  by  oxida- 
tion. On  cooling,  the  colour  becomes  less  distinct,  disappearing 
altogether  if  only  traces  of  ferric  oxide  are  present.  Iron  can 
also  be  detected  in  the  dry  way  by  Bunsen's  test.  For  this 
purpose  the  compound  is  heated  on  the  end  of  a  carbonised 
wooden  match,  which  has  previously  been  impregnated  with 
fused  sodium  carbonate,  held  in  the  reduction  zone  of  the  non- 
luminous  gas  flame.  The  whole  is  then  rubbed  up  in  an  agate 
mortar  with  a  little  water,  the  particles  of  iron  being  extracted 
on  the  point  of  a  magnetised  knife-blade.  The  adhering 
particles  of  finely  divided  iron  are  brought  on  to  a  small  piece 
of  filter  paper,  dissolved  in  a  drop  of  aqua  regia  and  a  drop  of 
potassium  ferrocyanide  added,  this  confirmatory  test  being 
necessary  inasmuch  as  nickel  and  cobalt  are  also  magnetic 
metals. 

It  has  been  stated  already  that  manganese  is  obtained 
together  with  iron  in  the  course  of  qualitative  analysis  and 
the  mode  of  their  separation  has  been  described.  The 
precipitate  containing  ferric  hydroxide  may  also  contain 
uranium.  This  is  readily  separated  by  digesting  the  precipi- 
tate with  a  concentrated  solution  of  ammonium  carbonate. 
The  washed  residue  is  then  dissolved  in  hydrochloric  acid  and 
the  confirmatory  test  for  iron  applied. 

The  iron  compounds  do  not  impart  any  colour  to  the  non- 
luminous  gas  flame.  The  spectrum  of  the  metal  is  extra- 
ordinarily rich  in  lines,  more  than  4,500  having  been  measured. 
A  dark  line  in  the  solar  spectrum  corresponds  to  each  of  the 
bright  lines  in  the  visible  part  of  the  spectrum. 

In  the  processes  of  quantitative  analysis  iron  is  estimated 
both  gravimetrically  and  volumetrically.  In  the  first  case  the 
iron  must  be  present  as  ferric  salt.  Ferrous  salts  are,  there- 
fore, previously  oxidised  with  nitric  acid  and  then  precipitated 
■with  ammonia,  the  precipitate  washed  with  boiling  water,  dried, 
ignited,  and  weighed  as  the  sesquioxide.  If  the  solution 
should  contain  tartaric  acid,  sugar,  or  other  organic  compounds, 
ammonia  produces  no  precipitate.  In  these  cases  the  iron 
must  be  previously  precipitated  as  sulphide ;  this  is  well  washed 
with  water  containing  ammonium  sulphide,  dissolved  in  nitric 
acid  and  the  iron  precipitated  with  ammonia,  or  the  organic 
compound  may  be  destroyed  by  ignition.  If  other  metals 
precipitable  by  ammonia  and  ammonium  sulphide  are  present, 
the  iron   can  be  separated  by  adding    sodium   or  ammonium 
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formate,  acetate,  or  succinate  to  the  neutral  solution  and 
boiling,  when  basic  ferric  formate,  acetate,  or  succinate  is 
thrown  down.  This  is  filtered  whilst  hot,  washed  with  boiling 
water,  dried,  ignited,  and  weighed  as  ferric  oxide.  The 
precipitate  may  contain  alumina,  and  this  must  then  be 
separated  by  means  of  caustic  potash.  For  the  separation  of 
iron  from  various  other  metals  the  use  of  nitrosophenylhydr- 
oxylamine,  known  as  "  cupferron,"  has  been  proposed. ^ 

The  chief  volumetric  processes  for  the  estimation  of  iron 
depend  upon  the  amount  of  oxygen  required  to  convert  it  from 
the  ferrous  into  the  ferric  form,  and  the  solutions  to  be  tested 
must  first  have  the  iron  completely  reduced  to  the  ferrous  state. 
For  this  purpose  many  reducing  agents  may  be  employed,  the 
methods  most  frequently  used  being  (1)  treatment  with  zinc  or 
aluminium  in  acid  solution,  (2)  treatment  with  sulphuretted 
hydrogen,  (3)  boiling  with  ammonium  bisulphite  solution,  and 
(4)  addition  of  stannous  chloride  to  the  boiling  solution.  In  the 
case  of  (2)  and  (3)  the  excess  of  reducing  agent  is  removed  by 
boiling,  and  in  (4)  the  excess  of  stannous  chloride  is  precipitated 
by  addition  of  mercuric  chloride. 

The  oxidising  medium  employed  is  a  standard  solution  of 
potassium  permanganate  or  dichromate,  these  being  standardised 
by  means  of  pure  iron  wire,  recrystallised  oxalic  acid,  or  pure 
ferrous  ammonium  sulphate,  FeS04,(NHj2SO^,6H20,  the  latter 
containing  exactly  one-seventh  of  its  weight  of  iron.  In  carry- 
ing out  the  permanganate  method,  the  ferrous  solution  prepared 
as  above  described  is  acidified  with  sulphuric  acid  and  titrated 
with  the  permanganate  solution  until  a  permanent  pink  colora- 
tion is  produced.  Permanganate  cannot,  however,  be  used  with- 
out special  precautions  when  hydrochloric  acid  is  present,  and 
in  that  case  it  is  better  to  employ  dichromate,  which  may  also 
be  used  in  presence  of  sulphuric  acid.  The  completion  of  the 
reaction  is  ascertained  in  this  case  by  bringing  a  drop  of  the 
solution  in  contact  with  a  very  dilute  freshly  prepared  solution 
of  potassium  ferricyanide,  free  from  ferrocyanide,  on  a  white 
porcelain  plate ;  the  dichromate  is  added  until  no  blue 
coloration  is  obtained. 

Methods  have  also  been  proposed  for  the  direct  volumetric 
estimation  of  ferric  iron,  without  a  preliminary  reduction  to  the 
ferrous  state.     The  reducing  agent  chiefly  employed  for  this 

'  Baudisch,  Chtm.  Ztit.,  1909,  33,  1298;  Biltz  and  Hodtke,  Zeit.  anorg. 
Chcm.,  1910,  66,  426;  Ffesenius,  Zeil.  anal.  Ghem.,  1911,  50,  35. 
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purpose,  in  the  form  of  a  standard  solution,  is  titanium 
trichloride  (p.  815),  potassium  thiocyanate  being  added  as 
indicator  to  the  acidified  solution  of  the  ferric  salt.  The 
titration  is  carried  out  in  an  atmosphere  free  from  oxygen, 
and  the  addition  of  titanium  trichloride  is  continued  until 
the  red  colour  due  to  ferric  thiocyanate  has  disappeared 
entirely.^ 

The  Atomic  Weight  of  iron  has  been  accurately  determined  by 
several  chemists.  Svanberg  and  Norlin,^  by  reducing  the  oxide 
in  hydrogen,  obtained  the  number  56'09  ;  Berzelius  found  56'05 
by  oxidising  the  metal  with  nitric  acid,  and  Erdmann  and 
Marchand,^  who  reduced  the  oxide  in  hydrogen,  obtained  56'02. 
Maumene,*  dissolving  pure  iron  wire  in  nitric  acid  and  pre- 
cipitating with  ammonia,  found  the  number  56'00  ;  and  Dumas,^ 
by  the  analysis  of  ferric  chloride,  obtained  56'23,  whilst  the 
analysis  of  ferrous  chloride  gave  5G'09.  By  the  reduction  of 
ferric  oxide,  obtained  from  carefully  purified  ferric  nitrate,  with 
hydrogen,  Kichards  and  Baxter  obtained  the  value  55'88 
and  from  the  amount  of  silver  bromide  yielded  by  ferrous 
bromide,  the  number    55'S5."     The    value    at    present    (1913) 


adopted  is  55'84. 


COBALT.      00  =  5897. 

583  The  word  cobalt  occurs  in  the  writings  of  Paracelsus  and 
Agricola  as  well  as  in  those  of  "  Basil  Valentine  '' ;  two  meanings 
were  attached  to  this  name;  in  the  first  place  it  signified  a 
sprite  or  goblin  supposed  to  haunt  the  mine,  whilst  in  the  second 
place  it  was  used  to  denote  certain  minerals,  which  are  too 
imperfectly  described  for  exact  identification.  It  appears,  how- 
ever, that  in  this  latter  sense  it  was  employed  to  designate 
minerals  which,  although  they  possessed  the  appearance  of  a 
well-known  metallic  ore,  did  not  yield  any  of  this  metal  when 
subjected  to   the  usual  treatment.     Hence  the  word  came  to 

'  See  Ktiecht  and  Hibbert,  Ntw  RediKlion  Mtlhods  in  Volumetric  Analyds 
(Longmans,  1910). 

"  Annaka,  18-t4,  50,  4.32.  1  Aiinalen,  1844,  52,  lili'. 

^  .4)1)1.  Chim.  Phy.i.,  18.50,  [3],  30,  3S(l. 

=  Ann.  Chim.  Phys.,  1,S.59,  [3],  55,  ir>7. 

'^  Zeit.anonj.  Chem.,  1900,  23,  IV,  ;  1904,  38,2.32.  Compare  Baxter  and 
others,  J.  Amer.  C'hem.  Hoc,  1011,  33,  319,  337;  1912,  34,  1657. 
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signify  a  false  ore.  In  later  time.s  the  same  name  was  given  to 
the  mineral  which  was  used  for  the  purpose  of  colouring  glass 
blue,  and  is  still  employed  for  the  preparation  of  smalt.  In 
1735,  Brandt  stated  that  the  blue  colour  of  smalt  depends 
upon  the  presence  of  a  peculiar  metal  to  which  he  gave  the 
name  kobalt-rex,  and  in  1742  he  showed  that  the  colour  of 
smalt  does  not  depend,  as  had  been  believed,  upon  the  presence 
of  arsenic  and  iron,  metals  which  are  usually  found  in  cobalt 
ores,  for  he  found  that  some  of  these  ores  occur  free  from 
arsenic,  and  that  these  likewise  give  the  blue  colour.  The  new 
metal  was  stated  to  be  magnetic  and  extremely  infusible. 
These  observations  were  confirmed  by  Bergman  in  1780,  and 
the  compounds  of  cobalt  were  afterwards  examined  by  many- 
chemists. 

Cobalt  does  not  occur  in  the  free  state  in  nature,  and  its  ores, 
which  usually  contain  nickel,  are  not  very  widely  distributed.  It 
is  found  as  linnaeite,  (Co,Ni,Fq)3S^ ;  skutterudite,  CoAsg ;  speiss- 
cobalt  or  smaltite,  (Co,Ni,Fe)As.^ ;  cobaltite  or  cobalt  glance, 
(Co,Fe)AsS;  earthy  cobalt,  or  wad,  (Co,Mn)0,2MnO.^,4H.p ; 
erythrite,  or  cobalt  bloom,  Co3,AsOJ.^,8H.20,  &c. 

The  bulk  of  the  cobalt  of  commerce  is  obtained  from  the 
district  surrounding  Cobalt  city,  in  Ontario,  where  there  are 
rich  silver  ores  containing  a  notable  proportion  of  cobalt  and 
nickel,  chiefly  as  arsenides.  Deposits  of  oxides  and  sulphides 
of  cobalt  and  nickel  occur  also  in  New  Caledonia.  Cobalt  is 
almost  always  found  as  a  constituent  of  meteoric  iron,  and  its 
presence  has  been  detected  in  the  solar  atmosphere. 

Treatment  of  Cobalt  Ores.— For  the  preparation  of  cobalt 
compounds  speiss-cobalt  or  other  arsenical  ores  are  employed. 
These,  after  roasting  or  calcination  in  the  air,  yield  an  impure 
cobalt  arsenate  which  comes  into  commerce  under  the  name  of 
zaffre,  and  which  is  further  worked  up  as  hereafter  described. 
The  cobalt  ores,  however,  mostly  contain  large  quantities  of 
nickel  and  iron  as  well  as  other  metals,  and  for  this  reason  they 
are  usually  smelted  in  order  to  get  rid  of  the  greater  part  of  the 
iron,  the  process  employed  being  similar  to  that  which  is  used 
for  the  extraction  of  copper.  The  roasted  ore  is  fused  with  a 
flux  of  calcium  carbonate  or  sand,  when  the  iron  slag  flows  on 
to  the  surface  while  the  cobalt  remains  below  as  a  heavy  speiss 
or  stone.  The  roasted  ore  or  the  speiss  is  then  dissolved  m 
strong  hydrochloric  acid,  any  arsenate  of  iron  which  may  be 
present  being  precipitated  by  the  careful  addition  ot  bleaching 
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powder  solution  and  a  small  quantity  of  milk  of  lime  ;  the  clear 
supernatant  liquid  is  drawn  off,  treated  with  sulphuretted 
hydrogen  for  the  purpose  of  separating  copper,  bismuth,  &c., 
and  the  oxide  of  cobalt  is  then  precipitated  from  the  clarified 
solution  by  bleaching  powder.  The  oxide  thus  obtained  is 
washed  and  ignited,  and  this  is  brought  into  the  market  and 
largely  used  for  colouring  glass  and  porcelain,  as  well  as  for 
the  preparation  of  the  chloride  and  nitrate  of  cobalt.  This 
oxide  usually  contains  iron,  and  almost  always  nickel  and  other 
impurities. 

In  the  case  of  the  New  Caledonia  ores,  consisting  chiefly  of 
sulphides,  the  cobalt,  nickel,  &c.,  are  converted  into  sulphates 
either  by  careful  calcination  at  a  moderate  temperature,  or  by 
treatment  with  ferrous  sulphate  solution.  The  cobalt  is  then 
separated  from  the  other  metals  which  form  soluble  sulphates, 
and  is  finally  obtained  as  oxide. 

A  small  amount  of  cobalt  is  extracted  in  the  form  of  oxide  by 
the  treatment  of  ores  and  metallurgical  products  containing 
nickel  by  a  wet  method.  These  materials  are  roasted  sweet 
{I.e.  free  from  sulphur  and  arsenic),  and  the  oxides  thus  formed 
dissolved  in  hj^drochloric  or  sulphuric  acid.  The  solution  is 
then  treated  as  described  above  for  the  separation  of  iron,  the 
metals  which  are  precipitated  by  sulphuretted  hydrogen,  and 
cobalt.  The  liquid  resulting  from  the  separation  of  the  cobalt 
is  further  treated  with  milk  of  lime  for  the  separation  of  nickel 
hydroxide,  which  is  afterwards  reduced  to  metal.^ 

584  Preparation  of  Metallic  CcJmlt. — This  metal  is  obtained 
as  a  grey  powder  by  igniting  the  oxide  or  chloride  in  a  current 
of  dry  hydrogen,  or  by  reduction  of  the  oxide  with  charcoal  or 
aluminium.  By  strongly  heating  the  oxalate  under  a  layer 
of  powdered  glass  the  metal  can  be  obtained  as  a  coherent 
mass,  and  this  may  be  fused  to  a  regulus  by  heating  it  in  a 
crucible  made  of  lime,  magnesia,  or  graphite. 

Pure  cobalt  may  be  obtained,  according  to  Winkler,-  by  elec- 
trolysing a  solution  of  pure  cobalt  sulphate  in  presence  of 
ammonium  sulphate  and  ammonia,  platinum  electrodes  being 
used.  The  metal  thus  deposited  invariably  contains  a  small 
amount  of  oxygen  (0-2— O'S  per  cent.),  and  must  therefore  be 
heated  in  pure  hydrogen.    Pure  metallic  cobalt  may  be  obtained 

'  For  other  methods  of  treating  cobalt  ores  see  Pedersen,  MeUiUniyk,  1911, 
8,  .3.35 ;  Barth,  ibid.,  1912,  9,  199. 
-  Zeit.  anori/.  Clu-m.,  1895,  8,  1. 
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also   by  heating    cobalt    carbonyl    (see  j).  1292)  to   a  suitable 
temperature.^ 

Cobalt  possesses  the  colour  oi'  polished  iron ;  it  is,  however, 
harder  than  this  metal.  It  melts  at  1490°,^  and  may  be  distilled 
in  the  electric  furnace.^  It  is  malleable  and  very  tough ;  it  is 
magnetic  up  to  1150°,  and  has  a  specific  gravity  of  8'8  at  15°.* 
Cobalt  in  the  form  of  powder  absorbs  oxygen  from  the  air,  often 
with  ignition ;  the  compact  metal,  however,  does  not  undergo 
change  at  the  ordinary  temperature,  but  slowly  oxidises  when 
heated,  and  at  a  very  high  temperature  burns  with  a  red  fiamo. 
The  metal  also  burns  at  150'  in  nitric  oxide,  forming  the 
monoxide.''  It  is  capable  of  absorbing  59-153  volumes  of 
hydrogen.  The  metal  is  readily  soluble  in  hydrochloric,  dilute 
sulphuric,  and  nitric  acids,  and  decomposes  steam  at  a  red 
heat.  It  may  exist  in  the  passive  state,  but  exhibits  this 
property  to  a  less  extent  than  nickel." 

Cobalt  combines  with  boron  to  form  a  crystalline  compound 
which  resembles  the  corresponding  nickel  compound,  and  is 
obtained  in  a  similar  manner.' 

The  character  of  the  alloys  which  cobalt  forms  with  othei 
metals  has  been  investigated  by  the  method  of  thermal  analysis, 
controlled  by  microscopic  observations.^ 

Nickel  and  cobalt  separate  from  their  fused  mixtures  in  mixed 
crystals,  the  composition  of  which  is  approximately  that  of  the 
liquid  from  which  they  are  deposited.  ^ 

>  Eng.  Patent  1.3207  ;  20/6/1908. 

■'  Day  and  Sosnmn,  Amer.  J.  Sd.,  1910,  29,  Hil. 

■'  Moissan,  Anrmlen,  1906,  351,  510. 

■*  Oopaux,  Gompt.  rend.,  1905,  140,  657. 

5  Sabatier  and  Senderens,  Compt.  rend.,  1892,  114,  1429. 

6  Hittorf,  Zeit.  physikal.  Ghem.,  1900,  34,  385 ;  Byers,  /.  Amer.  Chem.  Hoc. 
1908,  30,  1718. 

'  See  du  Jassonneix,  Compt.  rend.,  1907,  145,  240. 

8  See  Sahnien,  Zeit.  anorg.  Chem.,  1908,  57,  1;  Gwyer,  ibid.,  113; 
LewJionja,  ihid.,  59,  293. 

»  Giiertler  and  Tammann,  Zeit.  anonj.  Chem.,  1904,  42,  353;  Ruer  and 
Kaneko,  Metallurgie,  1912,  9,  422. 
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COMPOUNDS  OF  COBALT. 

Cobalt  and  Oxygen. 

585  Cobalt  forms  three  well-defined  oxides  : 

Cobalt  monoxide,  CoO, 
Cobalt  sesquioxide,  Co^Og, 
Tricobalt  tetroxide,  CojO^. 

In  addition  to  these  the  dioxide,  CoO^,  probably  exists,  and 
several  others  such  as  CogO,,,^  Co^O-,^  CojO,,^  and  C03O/  have 
been  described. ^ 

Of  these  oxides,  the  first,  CoO,  is  a  well-marked  basic  oxide, 
corresponding  to  the  stable  cobaltous  salts  in  which  the  metal 
is  divalent.  The  sesquioxide  acts  as  a  feebly  basic  oxide ; 
the  corresponding  salts  are  unstable  and  are  easily  reduced  to 
cobaltous  salts.  The  dioxide  appears  to  have  a  decided  acidic 
function,  and  several  stable  cobaltites  are  known. 

Cobalt  Monoxide  or  Cobaltous  Oxide,  CoO. — This  compound 
is  obtained  by  reducing  the  higher  oxide  by  heating  it  either 
in  a  current  of  hydrogen  to  a  temperature  not  above  350° 
(Winkelblech),  or  in  a  current  of  carbon  dioxide  to  redness 
until  its  weight  is  constant  (Russell).''  It  is  a  light-brown 
powder,  which  does  not  alter  in  the  air  at  the  ordinary  tem- 
perature, but  when  heated  yields  tricobalt  tetroxide,  CojO^. 
When  heated  in  the  electric  furnace,  it  melts  and  yields  rose- 
coloured  needles. 

Cobaltous  Hydroxide,  Co(OH)2,  is  obtained  by  precipitating  a 
cobaltous  salt  with  caustic  potash  in  the  absence  of  air.  A 
blue  basic  salt  is  first  obtained,  and  this,  on  boiling,  is  quickly 
converted  into  a  rose-red  coloured  hydroxide.'^  It  absorbs  oxygen 
from  the  air,  the  colour  changing  to  brown,  and  dissolves  in  hot 
very  concentrated  potash,  crystallising  out  on  cooling  in  micro- 
scopic prisms.* 

'  Zeit.  anal.  Chem.,  1868,  7,  336;  J.  pr.  Chtm.,  1856,  69,  131. 
2  Pogg.  Ann.,  1844,  61,  472  ;  1851,  84,  560. 

■'  Jahresher.,  1868,  265.  ^  Joum.  Chem.  Soc,  1890,  58,  1213. 

5  See  also  Taylor,  Mem.  3faiir,h.  Phil.  Soc,  1903,  [5],  12,  1. 
«  Joum.  Chem.  Soc,  1863,  16,  51. 
'  See  Hanlzsch,  Zeit.  anorg.  Chem.,  1912,  73,  304. 

^  de  Sohulten,  Gompt.  rend.,  1889,  109,  266;  compare  Job,  ihid.,  1907, 
144,  1044. 
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Thf  eobaltous  salts  may  be  jacpared  by  the  action  of  acids 
on  eobaltous  hydroxide.  They  are  the  most  stable  of  the  cobalt 
salts,  but  undergo  oxidation  more  readily  than  the  corresponding 
compounds  of  nickel.  In  the  anhydrous  state  they  possess  a 
deep  violet  or  blue  colour,  a.nd  in  the  hydrated  condition  a  rose- 
red  tint. 

Cobaltic  Oxiflf  or  Cobalt  Scsquiov'idc,  Co^O^,  is  a  dark -brown 
powder,  formed  by  gently  igniting  the  nitrate. 

Cobaltic  Hydroxide,  Co(OH)3,  is  prepared  by  precipitating  a 
cobalt  salt  with  an  alkaline  hypochlorite  solution.  The  compo- 
sition of  this  precipitate  depends  on  the  conditions  under  which 
it  has  been  produced,  and  frequently,  especially  when  prepared 
in  the  cold,  it  contains  more  oxygen  than  corresponds  to  the 
formula  Co.203.^  The  sesquioxide  is  also  obtained  in  a  hydrated 
condition  when  an  alkaline  solution  of  cobalt  sulphate  is 
electrolysed,''^  or  when  a  solution  of  the  same  salt  is  treated  with 
potassium  or  ammonium  persulphate.^  It  forms  a  brownish- 
black  powder,  which  is  decomposed  by  hydrochloric  acid  with 
evolution  of  chlorine,  and  by  oxy-acids  with  evolution  of  oxygen. 

The  sesquioxide  and  its  hydroxide  act,  therefore,  as  peroxides, 
but  at  the  same  time  they  possess  weak  basic  properties,  inas- 
much as  they  dissolve  in  well-cooled  acids  forming  brownish- 
yellow  solutions.  One  of  the  most  stable  of  these  compounds  is  a 
strongly  coloured  solution  obtained  by  dissolving  the  hydroxide 
in  acetic  acid ;  this  decomposes  only  when  heated.  The  corres- 
ponding sulphate  and  some  of  its  double  salts  have  however  been 
isolated  in  the  crystalline  form. 

Tricobalt  Tetr oxide  or  Cobalto- Cobaltic  Oxide,  CogO^.— This 
compound,  which  corresponds  to  the  magnetic  oxide  of  ii'on,  is 
formed  when  one  of  the  other  oxides  or  the  nitrate  is  heated 
in  the  air  ;  thus  obtained,  it  forms  a  black  powder  having  a 
specific  gravity  of  about  O'O.  If  a  dry  mixture  of  sal-ammoniac 
and  cobalt  oxalate  or  cobalt  chloride  be  heated  in  the  air,  or  m 
oxygen,  this  compound  is  obtained  in  hard,  microscopic  octa- 
hedra,  which  have  a  metallic  lustre,  and  are  not  magnetic.  It 
is  obtained  in  the  hydrated  state  by  the  oxidation  of  moist 
eobaltous  hydroxide  in  the  air  and  also  by  warming  eobaltous 
hydroxide  with  excess  of  potassium  persulphate,  washmg  and 

1  Carnot,  Compt.  rend.,  1889,  108,  610  ;  Schroder,  Journ.  Chem.  Soc,  1890, 
58,  121.3  ;  Hiittner,  Zeit.  anorg.  Chem.,  1901,  27,  81. 
^  Coehn  and  Glaser,  Zeit.  anorg.  Chem.,  1903,  33,  9. 
^  Mawrow,  Zeit.  anorg.  Chem.,  1900,  24,  263  ;  Hiittner,  he.  cii. 
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heating  the  product  at  100°  with  dihite  nitric  acid.^  When 
heated  in  the  oxy-coal-gas  flame  it  yields  metallic  cobalt,  which 
becomes  covered  with  a  film  of  oxide  as  it  cools.^  The  sub- 
stance obtained  by  fusing  one  of  the  oxides  with  caustic  potash, 
which  was  thought  to  be  a  potassium  cobaltite,^  CogOjgKjjSH^O, 
is  probably  cobalto-cobaltic  oxide  contaminated  with  potash,* 
or  cobaltous  potassium  cobaltite.^ 

Cohalt  Dioxide,  CoOj,  has  not  been  obtained  in  the  pure 
state.  It  appears,  however,  to  be  formed  as  a  greenish -black 
precipitate  when  iodine  and  caustic  soda  are  added  to  a  solution 
of  a  cobaltous  salt.^  An  oxide  approaching  this  in  composition 
is  also  formed  by  the  action  of  a  hypochlorite  on  a  cobaltous 
salt,  and  is  probably  instrumental  in  bringing  about  the  well- 
known  evolution  of  oxygen  which  occurs  when  bleaching  powder 
solution  is  warmed  with  a  small  quantity  of  a  cobalt  salt  (Vol.  I., 
p.  245).' 

According  to  McConnell  and  Hanes,^  when  cobaltous  hydrox- 
ide is  suspended  in  water  and  treated  with  hydrogen  peroxide, 
and  the  liquid  filtered,  a  strongly  acid  colourless  filtrate  is 
obtained  which  appears  to  contain  cobaltous  acid,  HgCoOj.  If 
potassium  bicarbonate  be  added  to  this  filtrate,  or  if  the  oxida- 
tion be  carried  out  in  presence  of  potassium  bicarbonate,  a  green 
solution  is  obtained,  which  probably  contains  potassium  cobaltite, 
KjCoOg.  On  the  other  hand,  Durrant^  has  failed  to  obtain 
evidence  of  the  existence  of  this  acid,  and  considers  the  green 
colour  to  be  due  to  a  derivative  of  cobaltic  oxide  to  which  ho 
assigns  the  formula  [Co(KC03)2]20.  Similar  green  compounds 
have  been  obtained  with  potassium  salts  of  organic  carb- 
oxylic  acids  and  these  may  be  formulated  as  derivatives  of  the 
radical  >Co.O.Co<.  Sulphuric  and  sulphurous  acids  decolorise 
the  green  solution,  but  the  colour  reappears  on  neutralisation 
with  potassium  bicarbonate.  Acetic  acid  does  not  decolorise 
the  liquid,  whilst,  on  warming  with  sulphuric  acid,  a  pink  solu- 
tion of  cobaltous  sulphate  is  obtained. 

1  Mawrow,  loc.  cit.  "  Read,  Joum.  Ghem.  Soc,  1894,  65,  314. 

»  Schwarzenberg,  Annalen,  1856,  97,  212  ;  Pebal,  ibid.,  1856,  100,  257 ; 
Mayer,  ibid.,  1857,  101,  266. 

■*  McConnell  and  Hanes,  Jom-ji.  Ghem.  Soc,  1897,  71,  584. 

=  Bellucci  and  Dominici,  Atti  R.  Acrad.  Llncel,  1907,  [v],  16,  i.,  315. 

"  Vortmann,  Ber.,  1891,  24,  2744. 

'  McLeod,  British  Assoc.  Bcpoiix,  1892,  669. 

*  Joum.  Ghem.  Soc,  1897,  71,  584. 

''  Proc.  Ghem.  Soc,  1896,  12,  96,  244  ;  Joum.  Chem.  Soc,  1905,  87,  1781 ; 
see  also  Job,  Gompt.  rend.,  1898,  127,  100. 
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Barium  Cohaltite,  BaO.CoOj,  and  Barium  Dicobaltite,  BaO, 
2CoO,,  are  formed  in  black  crystals  when  cobalt  sesquioxide'  is 
fused  with  baryta  and  barium  chloride.^  These  compounds 
evolve  chlorine  when  treated  with  hydrochloric  acid. 

Magnesium  Cobaltite,  MgO.CoOg,  is  formed  as  a  deep  garnet- 
red  mass  when  magnesia  is  fused  with  cobalt  sesquioxide  in 
the  electric  furnace.^ 

Gobaltous  Cobaltite,  CoO,2Co02,2H20,  is  obtained  by  fusing 
cobaltous  oxide  with  potassium  peroxide,  washing  the  cooled 
mass  first  with  water  and  then  with  dilute  sulphuric  acid,  and 
finally  again  with  water,  and  drying  over  phosphoric  oxide  in  a 
vacuum.  It  forms  six-sided  plates,  and  evolves  chlorine  when 
treated  with  hydrochloric  acid.^ 

Cobalt  and  the  Halogens. 

586  Cobaltous  Fluoride,  CoFg,  is  obtained  by  dissolving  the 
oxide  or  carbonate  in  hydrofluoric  acid  ;  on  evaporation,  rose-red 
crystals  are  deposited  having  the  composition  Co¥^,2'ii.f) : 
these  are  decomposed  by  boiling  water  with  the  formation  of  a 
light-red  insoluble  oxyfluoride. 

The  anhydrous  fluoride  is  prepared  by  heating  the  chloride 
with  ammonium  fluoride  in  a  current  of  hydrogen  fluoride,  and 
forms  rose-coloured  prisms  which  are  slightly  soluble  in  water.* 

It  forms  double  salts  with  the  alkali  fluorides.^ 

Cobaltic  Fluoride,  C0F3,  is  obtained  as  a  green  powder  when  a 
saturated  solution  of  cobaltous  fluoride  in  40  per  cent,  hydro- 
fluoric acid  is  electrolysed  in  a  platinum  dish  which  acts  as 
anode,  a  platinum  wire  being  employed  as  cathode.  It  is 
decomposed  by  water  with  formation  of  cobaltic  hydroxide.^ 

Cobalt  Chloride,  CoClg.— Powdered  metallic  cobalt  takes  fire 
when  warmed  in  chlorine  gas,  forming  blue  crystalline  scales  of 
the  anhydrous  chloride,  which  can  be  readily  sublimed  in  a 
current  of  chlorine.  They  dissolve  in  alcohol,  forming  a  blue 
solution,  and  on  addition  of  water  first  become  violet,  and  then 
rose-coloured.     Cobalt  chloride  is  obtained  in  aqueous  solution 

'  Rousseau,  Gompt.  rend.,  1889,  109,  64. 
^  Dufau,  Compt.  rend.,  1896,  123,  239. 

3  Hofmann  and  Hiendlmaier,  Ber.,  1906,  39,  3186.     Compare  Bellucci  and 
Dominici,  AUi  R.  Accad.  Linrei,  [v.],  1907,  16,  i.,  315. 
*  Poulenc,  Compt.  rend.,  1892,  114,  1426. 
°  Compare  Bohm,  Zeit.  anorg.  Chem.,  1905,  43,  326. 
"  Barbieri  and  Calzolari,  Atti  R.  Accad.  Lincei,  1905,  [5],  14,  i.,  464. 

VOL.   II  ^   '^^ 
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by  dissolving  the  carbonate,  or  one  of  the  oxides,  in  hydrochloric 
acid ;  short  dark-red  monoclinic  prisms  crystallise  on  cooling 
the  concentrated  warm  solution  ;  these  possess  the  composition 
CoClgjeHjO,  and  have  a  specific  gravity  of  1'84.  When  these 
crystals  are  allowed  to  stand  over  sulphuric  acid  at  50°  the 
rose-coloured  dihydrate,  CoCl2,2H20,  is  formed,  and  when 
heated  to  100°  the  deep-violet  monohydrate  remains,  which  at 
110—120°  yields  the  blue  anhydrous  chloride.  A  hydrate 
with  4H2O  has  also  been  obtain ed.^  A  strong  aqueous  solution 
is  rose-coloured,  but  becomes  blue  when  it  is  heated,  and  when 
concentrated  hydrochloric  or  sulphuric  acid  or  alcohol  is  added. 
The  rose  colour  is  restored  when  the  chloride  of  zinc,  mercury, 
antimony,  or  tin  is  added  to  the  solution  which  has  been 
rendered  blue  by  hydrochloric  acid.  These  changes  of  colour 
have  been  attributed  by  some  to  the  formation  and  decomposition 
of  double  salts  or  complex  ions,  by  others  to  the  hydration  and 
dehydration  of  the  cobalt  salt.^ 

An  unstable  compound,  CoCla.HCl.SHgO,  separates  in  blue 
crystals  at  —  23°  from  a  saturated  solution  of  cobalt  chloride  in 
hydrochloric  acid.  A  corresponding  lithium  compound  is  known 
which  is  also  blue.^ 

When  anhydrous  cobalt  chloride  is  treated  with  ammonia 
the  compound  CoCia.eNHg  is  formed.* 

Sympathetic  Inks.— If  a  dilute  solution  of  the  chloride  be 
used  as  an  ink  the  writing  is  not  visible  when  it  is  allowed  to 
dry  m  the  air,  but  on  warming,  the  charactersappear  of  a  bright 
blue  colour,  disappearing  again  gradually  on  standing  in  the  air, 
owing  to  the  absorption  of  moisture. 

From  this  property  the  cobalt  salts  have  been  employed 
for  the  manufacture  of  the  so-called  sympathetic  inks ;  by  this 
is  understood  any  liquid  the  writing  of  which  is  invisible  under 
ordmary  conditions  but  can  be  rendered  apparent  by  some 
smiple  treatment.  The  first  attempt  at  the  preparation  of 
such  an  ink  depended  upon  the  fact  that  a  solution  of  lead 

^  de  Coninok,  Bull.  Acad.  roy.  Belg.,  1904   11 70 

'  S««  ^T\«^f -.fo"-  ''''™-'  ^^^^'  ^'  ^^'  Potmtzine,  iUd.,  264;  Etard, 
Compt.  rend.,  1891   113,  699;  Charpy,   ibid.,  794;  Sabatier,  ibid.,  1888,  107, 

!qn.   «rim^"t  t*'  '^''"'""-  ^'''™-  ^'"■'   1902,  81,  939;  Hartley,  iUd., 

1903,  83,  401  ;  Moore,  ZeU.  physihal.  Chem.,  1906,  55,  641 ;  Lewis,  ibid.,  56, 

Cher.     1909,  65,  641  ;  Houstoun,  Proc.  Roy.Soc.  Edin.,  19n,  31,  52I-I58. 
Ohassevant,  Ann.  Ohim.  Phys.,  1893,  [6]  30   5 
■■  Ephraim,  Ber.,  1912,  45,  1322.  '       ■       '    • 
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acetate  becomes  black  when  treated  with  a  decoction  of  orpi- 
ment  in  milk  of  lime.  These  two  liquids  were  mentioned  by 
Lemery  in  1681  as  "  encres  appellees  sympathiques."  In  the 
treatise  termed  The  Key  to  unlock  the  Cabinet  of  the  Secrets  of 
Nature,  published  in  1705,  a  method  for  preparing  a  sympathe- 
tic ink  from  certain  bismuth  ores  is  described.  The  peculiar 
properties  of  this  ink  were  believed  to  be  due  to  bismuth,  but 
in  1744  Gessner  proved  that  the  cobalt  in  the  ores  was  the 
active  agent  in  the  production  of  the  ink.  This  property  of  the 
cobalt  salts  to  change  colour  from  rose  to  blue  on  loss  of  water 
has  been  applied  also  to  the  construction  of  floral  hygro- 
meters. Artificial  flowers  are  prepared,  the  petals  of  which 
are  tinted  with  cobalt  salts.  In  damp  weather  the  flower  is 
pink,  in  dry  weather  violet  or  blue.  This  invention  is,  we 
need  scarcely  add,  a  Parisian  one. 

Cobalt  Bromide,  CoBrg. — If  bromine  vapour  is  passed  over 
metallic  cobalt  at  a  dark-red  heat,  a  green  fused  mass  is  formed 
which  absorbs  water  from  the  air,  yielding  a  dark-red  liquid. 
This  solution  is  obtained  also  by  bringing  cobalt,  bromine,  and 
water  together ;  if  the  solution  is  allowed  to  stand  over  sul- 
phuric acid,  dark-red  prisms  having  the  composition  CoBr2,6H20 
are  deposited,  and  these  when  heated  to  100°  give  a  purple 
mass  containing  CoBr2,2H.20,  which  at  130°  yields  the  anhy- 
drous bromide  as  an  amorphous  green  mass  (Rammelsberg, 
Hartley). 

Cobalt  Iodide,  Colj- — This  substance  is  formed  with  evolution 
of  heat  when  finely  divided  cobalt  is  gently  warmed  with  water 
and  iodine.  The  saturated  solution  is  red  up  to  20°,  and  then 
passes  through  brown  and  olive  to  green  at  35°.  When  poured 
into  a  saturated  solution  of  magnesium  chloride  a  blue  solution 
is  formed  (Etard).  The  hydrate  Col2,6H20  is  dark-red,  whilst 
the  tetrahydrate  and  the  dihydrate  are  green,  and  the  anhydrous 
salt  resembles  iodine.  Double  salts  of  this  compound  with 
other  iodides  are  known.^ 

Cobalt  Chlm-ate,  €0(0103)2,  is  a  somewhat  unstable  salt,  which 
forms  various  hydrates.^ 

Cobalt  lodate,  00(103)2,  crystallises  from  water  in  three  forms  : 
as  anhydrous  salt,  as  dihydrate,  and  as  tetrahydrate.'* 

'  Dobroserdofr,  /.  Rtiss.  Phys.  Chem.  Soc,  1901,  33,  303 ;  Mosnier,  Ann. 
Chim.  Phys.,  1897,  [7],  12,  374. 

2  Meusser,  Ber.,  1902,  35,  1417. 

3  Meusser,  Ber.,  1901,  34,  2432. 

4  N  2 
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Cobalt  and  Sulphur. 

587  Cobalt  MonosuliMde,  CoS,  is  obtained  as  a  black  hydrated 
precipitate  when  a  solution  of  a  cobalt  salt  is  mixed  with  ammo- 
nium sulphide.  It  dissolves  in  concentrated  hydrochloric  acid 
with  evolution  of  sulphuretted  hydrogen.  The  cold  dilute  acid 
dissolves  it  but  slowly,  whilst  it  is  almost  insoluble  in  dilute 
acetic  acid.  When  the  monosulphide  is  mixed  with  sulphur 
and  the  mixture  ignited  in  a  current  of  hydrogen  the  following 
sulphides  are  formed  according  to  the  temperature  employed : 
C0S2,  C02S3,  CoS ;  and  at  a  white  heat,  CogS  (H.  Rose).  The 
monosulphide  is  found  as  an  Indian  mineral  known  as  sye- 
poorite,  occurring  in  ancient  schists  in  grains  or  veins  of  a 
yellowish  steel-grey  colour. 

Investigation  of  the  freezing  points  of  mixtures  of  cobalt  and 
sulphur,  containing  up  to  33'6  per  cent,  of  the  latter  element, 
indicates  the  existence  of  the  compounds  Co^Sg  and  CoS.^ 

Cobalt  pyrites  or  linnaeite,  (Co,Ni,Fe)3S^,  occurs  at  Bastnas, 
near  Riddarhyttan,  at  Mussen  in  Prussia,  as  well  as  at  Mineral 
Hill  in  Maryland,  and  at  Mine  La  Motte  in  Missouri.  It  forms 
steel-grey  or  tarnished  copper-red  regular  octahedra,  and  occurs 
also  in  the  massive  state.  It  usually  contains  more  or  less 
nickel,  as  well  as  some  iron  and  copper.  The  same  compound 
can  be  obtained  artificially  as  a  blackish-grey  powder  by  heat- 
ing a  solution  of  a  cobalt  salt  with  potassium  polysulphide  to  a 
temperature  of  160°. 

A  Polysulphide  of  Cobalt,  which  probably  has  the  formula 
C02S7,  is  obtained  as  a  black  precipitate  when  a  solution  of 
sodium  monosulphide  saturated  with  sulphur  is  added  to  one  of 
cobalt  chloride  at  the  ordinary  temperature.^ 

Cohaltous  Sulphite,  CoSOg.SHgO,  is  a  pink  crystalline  powder. 

Gobaltic  Sulphite  has  not  been  isolated,  but  several  double 
compounds,  which  are  probably  salts  of  a  complex  cobalti- 
sulphurous  acid,  H8[Co(S03)3],  have  been  described.^ 

Cobaltous  Sulphate,  CoSO^,7H20.— This  salt  occurs  native  as 
cobalt  vitriol,  or  bieberite,  in  crystalline  crusts.     It  is  prepared 

■  Friedrich,  Metallurgie,  1908,  5,  212.     Compare  Belluooi,  Atti  R.  Accad. 
Lincei,  1908,  [v],  17,  i.,  18. 
^  Chesiieau,  Gompt.  rend.,  1896,  123,  1068. 
'■'  Berglund,  Ber.,  1874,  7,  469. 
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artificially  by  dissolving  the  carbonate  or  oxide  in  dilute  sul- 
phuric acid,  and  crystallises  in  red  prisms  having  the  form  of 
iron  vitriol,  which  are  unalterable  in  the  air.  It  has  a  specific 
gravity  of  1'924  (Schiff),  possesses  a  weak  astringent  metallic 
taste,  is  easily  soluble  in  water,  but  does  not  dissolve  in  alcohol. 
According  to  Mulder  100  parts  of  water  dissolve :  • 


At 

0° 

10° 

20° 

30° 

50° 

70° 

100° 

CoSO, 

24-6 

29-5 

34-5 

40-2 

51-8 

63-8 

82-6. 

When  its  solution  is  allowed  to  stand  at  40°-50°  monoclinic 
crystals  having  the  composition  CoSO^.GHgO  are  formed,  and 
these  are  isomorphous  with  the  corresponding  zinc  salt.  If 
a  concentrated  solution  of  cobalt  sulphate  is  poured  gently  into 
sulphuric  acid  a  peach  blossom  coloured  powder,  CoS04,4H20, 
is  deposited.  The  hydrate  CoSO^jHjO  is  deposited  when 
a  solution  of  the  salt  is  made  slightly  acid  with  sulphuric  acid 
and  evaporated.^  All  the  hydrates  lose  their  water  on  heat- 
ing, but  do  not  fuse,  becoming  opaque  and  of  a  rose-red 
colour  (Proust).  Cobalt  sulphate  forms  numerous  double  salts. 
It  has  the  power  of  absorbing  notable  quantities  of  nitric  oxide, 
although  the  absorption  is  not  accompanied  by  any  change  of 
colour.^     It  combines  also  with  ammonia.^ 

Cdbaliic  Sulphate,  Co2(SOj3,18Il20,  is  deposited  in  blue, 
silky  needles,  when  a  cooled  acid  solution  of  cobaltous  sulphate 
is  electrolysed  in  a  divided  cell.  It  dissolves  in  water,  forming 
a  blue  solution  which  rapidly  decomposes  with  evolution  of 
oxygen.  The  crystals  decompose  on  exposure  to  the  air,  finally 
becoming  pink.  It  forms  a  greenish-blue  solution  in  dilute 
sulphuric  acid,  which  gives  a  black  precipitate  with  alkalis  and 
is  rapidly  decomposed  by  reducing  agents.  Hydrochloric  acid 
deconjposes  the  salt  with  evolution  of  chlorine.* 

Oobaltic  Ammonium  Alum,  (NHj2SO^,Co2(SOj3,24H20,  is 
obtained  by  adding  ammonium  sulphate  to  an  acid  solution  of 
cobaltous  sulphate  and  passing  a  weak  current.  It  forms  blue 
octahedra  and  is  stable  when  dry,  but  decomposes  in  solution, 
ozonised  oxj-gen  being  liberated.  The  potassium,  rubidium, 
and  caesium  alums  have  been  obtained  in  a  similar  manner.^ 

1  Lescceur,  Ann.  Chim.  Phys.,  1895,  [7],  4,  21.3. 

2  Hufner,  Zeit.  physihal.  Chem.,  1907    59,  416. 

3  Ephraim,  Ber.,  1912,  45,  1322. 

•-  Marshall,  Jourii.  Ohem.  Soc,  1891,  59,  760. 

=  Marshall,  loc.  cil.  ;  Howe  and  O'Neal,  J.  Amer.  Chem.  Soc,  1898,  20,  759. 
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Cobalt    and   Nitrogen. 

588  Cobalt  Nitride,  Co^N,  is  obtained  as  a  dull-grey  powder  ^ 
when  metallic  cobalt  is  heated  in  ammonia  at  about  470°.  It 
is  soluble  in  hydrochloric  and  sulphuric  acids,  and  loses  its 
nitrogen  when  heated  to  600°. 

Cobalt  Azoimide,  Co(N3)2,  together  with  a  basic  azoimide, 
NgCo.(OH),  have  been  prepared  by  the  action  of  aqueous 
azoimide  on  a  cobalt  salt,  as  explosive  violet  powders.^ 

Nitro-cobalt;  Co2(N02),  is  formed  when  diluted  nitrogen 
peroxide  is  passed  over  reduced  metallic  cobalt.  It  is  a  black 
mass,  which  is  vigorously  decomposed  by  water,  and  explodes 
when  mixed  with  combustible  matter.^ 

Cobalt  Nitrite. — Neither  cobaltous  nor  cobaltic  nitrite  has 
been  prepared  in  the  solid  state.*  The  double  potassium  salt 
described  below  differs  in  many  of  its  properties  from  an 
ordinary  nitrite,  and  is  probably,  like  the  cobalticyanides  and 
the  cobaltammine  salts,  a  derivative  of  a  complex  acid  con- 
taining cobalt.^ 

Potassium  Cobaltiniirite,  K3[Co(N02)gJ,  which  is  known 
as  Fischer's  salt  after  its  discoverer,^  is  obtained  as  a  yellow 
precipitate  when  the  solution  of  a  cobaltous  salt,  acidified 
with  acetic  acid,  is  mixed  with  a  solution  of  potassium  nitrite : 

C0CI2  +  5KNO2  +  2HNO2  =  K3Co(N02)e  +  2KC1  -|-  NO  -F  H2O. 

As  this  salt  is  somewhat  soluble  in  water,  it  is  best  to  wash 
it  with  a  solution  of  potassium  acetate,  and  then  with  80 
per  cent,  alcohol.  Cobalt  yellow,  as  .this  compound  is  also 
termed,  is  a  bright-yellow  powder  consisting  of  microscopic 
pyramids,  or  of  four-  or  six-sided  stellated  forms.  According 
to  Sadtler  ^  the  salt  is  usually  anhydrous ;  it  can,  however,  be 
obtained,  according  to  the  concentration  of  the  solution,  with 
from  one  to  four  molecules  of  water,  and  its  colour  then  varies 
from  a  bright  yellow  to  a  dark  greenish-yellow.     It  is  decom- 

'  Beilby  and  Henderson,  Journ.  Chem.  Soc,  1901,  79,  1251. 
'•=  Curtiua  and  Rissom,  J.  pr.  Chem.,  1898,  [2],  58,  261. 
'  Sabatier  and  Senderens,  Bull.  Soc.  chim.,  1893,  [3],  9,  669. 
■•  See  Suzuki,  Journ.  Chem.  Soc,  1910,  97,  726. 

=  Hofmanu  and  Burger,  Ber.,  1907,  40,  3298 ;  Rosenheim  and  Garfunkel, 
ibid.,  1911,  44,  1865. 
"  Pogg.  Ann.,  1848,  74,  124. 
'  Amer.  J.  Sci.,  [2],  1870,  49,  189. 
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posed  by  nitric  and  hydrochloric  acids,  but  only  when  heated. 
Caustic  potash  solution  attacks  it  with  difficulty.  Caustic 
soda  or  baryta  water,  on  the  other  hand,  decomposes  it  readily, 
on  gently  warming,  with  precipitation  of  the  brown  hydroxide. 
The  salt  suspended  in  water  is  only  slowly  attacked  by  sul- 
phuretted hydrogen,  but  ammonium  sulphide  instantly  precipi- 
tates black  cobalt  sulphide.  The  fact  that  cobalt  is  pre- 
cipitated by  a  solution  of  potassium  nitrite,  acidified  with  acetic 
acid,  is  employed  in  the  analytical  separation  of  cobalt  from 
nickel  and  other  metals.'- 

The  cobaltinitrites  of  ammonium,  sodium,  silver,  thallium, 
and  lead  are  also  known,  and  a  solution  of  the  sodium  compound 
is  used  in  testing  for  potassium.^  The  corresponding  compounds 
of  rubidium  and  csesium  are  distinguished  by  being  only  one- 
tenth  as  soluble  as  their  platinichlorides.^ 

Rb3[Co(N02)g],H20  dissolves  in  19,800  parts  of  water. 
CsgCCoCNO^UHjO  „  20,100 

If  a  solution  of  cobalt  chloride  be  precipitated  with  potassium 
nitrite  without  addition  of  acid,  a  yellow  bydrated  precipitate 
of  potassium  cobaltous  nitrite,  2KN02,Co(N02)2,  is  obtained, 
soluble  in  hot  water  and  yielding  a  red  solution.* 

Cobalt  Nitrate,  Co(N03)2,6H20. — This  substance  generally 
forms  an  indistinctly  pink  crystalline  mass  ;  it  may  be  obtained 
by  slow  evaporation  in  monoclinic  prisms,  having  a  specific 
gravity  of  1-83  and  not  undergoing  change  in  dry  air.  It 
begins  to  melt  below  100°,  and  when  more  strongly  heated  the 
violet  liquid  becomes  thick  and  green ;  then  it  begins  to  boil, 
giving  off  nitrous  fumes,  and  the  black  oxide  is  left.  Anhy- 
drous cobalt  nitrate  is  a  slightly  pink  powder,  which  begins 
to  decompose  at  100-105°.^  Hydrates  with  nine  and  three 
molecules  of  water  also  exist.® 

1  See  p.  1317,  and  Funk,  Zeit.  anal.  Chem.,  1907,  46,  1. 

2  See  Adie  and  Wood,  Joura.  Chem.  Soc;  1900,  77,  1076  ;  Biilmann,  Zeit. 
anal.  Ghem.,  1900,  39,  2S4 ;  Cunningham  and  Perkin,  Journ.  Chem.  Soc, 
1909,  95,  1562  ;  Burgess  and  Kamm,  /.  Amer.  Chem.  Soc,  1912,  34,  652. 

3  Roseubladt,  Ber.,  1886,  19,  2531. 

*  Erdmann,  /.  pr.  Chem.,  1866,  97,  385. 

"  Guntz  and  Martin,  Bull.  Soc  chim.,  1909,  [iv],  5,  1004. 

"  Funk,  Zeit.  aiiorg.  Chem.,  1899,  20,  407. 


1288  COBALT 


Ammoniacal  Cobalt  Compounds  or  Cobaltammine  Salts. 

589  In  1799  Tassaert  ^  observed  that  a  solution  of  a  cobalt 
salt  in  ammonia  assumes  a  brown  colour  on  exposure  to  the 
air,  and  that  this  changes  on  boiling  to  a  wine-red,  whilst 
Thenard,^  in  1802,  stated  that  these  changes  were  brought 
about  by  an  absorption  of  oxygen.  This  latter  observation  was 
confirmed  by  Proust,  who  found  that,  on  evaporating  the  solu- 
tion, black  cobaltic  oxide  separates  out.  The  compounds  which 
are  thus  formed  have  attracted  the  attention  of  many  chemists,' 
and  a  very  large  number  of  these  cobaltammine  salts  have 
been  prepared,  as  well  as  compounds  with  organic  substituted 
ammonias  such  as  pyridine,  quinoline,  ethylene  diamine,  &c.  A 
general  account  of  this  class  of  substances  has  been  given  on 
p.  1051,  and  only  one  or  two  typical  compounds  of  each  class 
are  here  described. 

(1)  ffexammine  Sails  (Luteo-salts),  [(NH3)gCo]X3,  where  X  is 
a  univalent  acid  radical,  are  formed  when  dilute  solutions  of 
cobaltous  salts,  containing  a  large  amount  of  ammonia  and 
ammonium  chloride,  are  exposed  to  the  oxidising  action  of  the 
air ;  they  are  produced  also  by  the  action  of  ammonia  on  many 
of  the  salts  containing  five  molecules  of  ammonia. 

The  compound  Hexammine-cohaltic  Chloride  (Luteocohaltic 
Chloride),  [(NH3)pCo]Cl3,  is  obtained  when  an  ammoniacal 
cobalt  chloride  solution  is  allowed  to  stand  for  some  time, 
especially  in  the  presence  of  sal-ammoniac.  The  formation  of 
the  salt  is  facilitated  by  the  addition  of  oxidising  substances 
such  as  lead  dioxide,  bromine,  &c.  (Braun,  Mills).  It  crystal- 
lises in  reddish-yellow  monoclinic  prisms  or  pyramids,  which 
dissolve  slowly  in  cold  but  readily  in  hot  water.  It  forms  a 
sparingly  soluble  platinichloride. 

(2)  Pentanimine  Salts  form  two  distinct  classes  of  compounds, 
the  aquo-pentammine  salts  (roseo-salts),  [H20(NH3)5Co]X3,  and 
the  acido-pentammine  salts,  [X(NH3)5Co]X2.  The  latter  salts 
have  been  distinguished  by  different  names  according  to  the 
nature  of  the  acid  group  in  the  complex  radical,  the  salts  of  the 
various  series  usually  possessing  characteristic  colours. 

1  Ann.  Chim.,  1798,  28,  95.  2  Ann.  Chim.,  1802,  42,  210. 

'  A  history  of  these  compounds  will  be  found  in  Untersitchungen  der 
Ammoniakalische  Kohalt  Verbindungen,  by  Fr.  Rose,  Heidelberg,  1871.  For 
more  recent  work  see  the  references  on  p.  1290. 
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The  aquopentammine  salts,  which  are  pink,  lose  water  when 
heated  with  acids,  forming  derivatives  of  the  second  class,  whilst 
the  latter  are  reconverted  into  aquopentammine  salts  by  boiling 
or  standing  with  water.  By  the  action  of  ammonia  on  the 
aquopentammine  salts  the  so-called  hydroxypentamminecobalt 
salts  are  obtained,  thus:  [(H20)(NH3)5Co]X3-|-NH3  = 
[(OH)(NH3),Co]X,+NH,X. 

Chlon'O-'pentam.mine-cohaltic  Chloride  (Ohloropui-pureo-cobaltic 
Chloride),  [Cl(NH3)5Co]Cl2,  is  obtained  by  boiling  a  solution  of 
roseo-cobaltic  chloride ;  it  falls  as  a  red  precipitate,  soluble  at 
10°  in  287  parts  of  water,  and  crj'stallising  in  tetragonal  prisms. 
With  platinichloric  acid  it  forms  the  salt,  [Cl(NH3)gCo]PtClg, 
which  is  almost  insoluble  in  cold  water,  and  separates  as  a 
brownish-red  powder.  If  the  chloride  be  triturated  with  strong 
sulphuric  acid  a  solution  of  chloro-penfammine-cohaltic  sulphate, 
[Cl(NH3)5Co]S04,  is  formed,  and  if  nitric  acid  be  added  to  this 
solution  fine  red  microscopic  crystals  of  chloro-pentammine- 
cohallic  nitrate,  [Cl(NH3)5Co](N03)2,  are  thrown  down,  the 
solution  of  which  is  not  precipitated  by  silver  nitrate. 

(3)  Tetrammine  Salts  are  analogous  to  the  pentammine  salts, 
but  the  complex  radical  contains  only  four  molecules  of  ammonia 
and  two  other  groups,  which  may  be  water  or  the  hydroxy-group 
or  a  univalent  acid  radical. 

Dichloro-tetrammine-cohaltic  Chloride  (Praseo-cohaltic  Chloride), 
[Cl2(NH3)4Co]Cl,H20,  is  usually  formed  together  with  the 
other  cobaltammine  chlorides.  .It  crystallises  in  small  glisten- 
ing needles  which  possess  an  emerald  green  colour,  whence  the 
term  praseo  is  derived.  These  dissolve  in  water,  yielding  a 
green  solution  which  soon  becomes  red,  and  undergoes  decom- 
position on  boiling.  If  fusco-cobaltic  chloride,  Co(NH3)4Cl2(OH), 
be  warmed  with  dilute  hydrochloric  acid  a  deep-violet  solution 
is  obtained,  and  this  on  cooling  deposits  small  violet  octahedra 
which  possess  the  same  composition  as  the  green  salt,  and  pass 
into  the  latter  when  dissolved  in  concentrated  sulphuric  acid, 
to  which  hydrochloric  acid  is  gradually  added. 

Dinitrito-tetrammine-cohaltic  Sulphate  (Groceo-cohaltic  Sul- 
phate), [(N02)2(NH3)4Co]2S04,  is  formed  when  a  mixture  of 
solutions  of  cobalt  sulphate  and  potassium  nitrite,  saturated 
with  ammonia,  is  exposed  to  the  air.  It  is  deposited  in  orange- 
yellow  crystals  together  with  green  cobaltic  hydroxide.  The 
mixture  is  filtered  and  the  residue  dissolved  in  hot  dilute  nitric 
acid,  and  from  this  solution  the  sulphate  is  obtained  on  cooling 
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in  the  form  of  yellow  tetragonal  tablets.  Large  wine-red  crystals 
are  also  obtained  from  dilute  solutions.  It  is  slightly  soluble  in 
boiling  water. 

(4)  Triammine  compounds  are  formed  from  the  tetrammine 
salts  by  loss  of  ammonia.  They  possess  the  general  formula 
[X3(NH3)3CoJ,  and  are  neutral  substances  acting  as  non-electro- 
lytes in  aqueous  solution.  Aquotriammine  salts  are  also  known, 
with  one  or  more  of  the  acid  groups  outside  the  complex  radical, 
which  contains  one  molecule  of  water  for  each  acid  group  re- 
placed. 

Trinitrito-triammine-co'baU,  [(N02)3(NH3)3Co],  is  prepared  by 
acting  on  cobaltous  chloride  solution  with  ammonia  and  potass- 
ium nitrite  (Erdmann),  and  by  the  action  of  ammonium  nitrite 
on  cobaltous  chloride  in  presence  of  acetic  acid  (Gibbs). 

Triaquo-triammine-cohaltic  Chloride,  [(H20)3(NH3)3Co]Cl3,  is 
prepared  from  trinitrito-triammine  cobalt  by  treating  first  with 
dilute  acetic  acid  and  then  with  hydrochloric  acid  at  0° 
(Werner). 

(5)  Diammine  salts  have  been  very  slightly  investigated, 
Potassium    Tetranitrito-diammine   cohaltite  (Erdmann's  salt), 

[(N02)4(NHg)2Co]K,  is  obtained  by  adding  ammonium  chloride 
and  potassium  nitrite  to  a  solution  of  cobaltous  chloride  and 
gently  warming.     It  forms  yellow  rhombic  crystals. 

In  addition  to  the  classes  of  compounds  already  described 
several  series  of  substances  have  been  prepared  which  Werner 
terms  multi-nuclear  ammoniacal  compounds.^  Examples  of  these 
are  the  oxycohaltammines,  {02[Co2(NH3)j2}X^,  and  the  series 
{NH[Co(OH)2(NH3)j2}X,,  and  {Co[Co(OH)2(NH3)j3}X,. 

The  relations  between  the  various  complex  cobalt  compounds 
just  described  have  been  successfully  interpreted  by  means  of 
Werner's  theory  of  principal  and  supplementary  valencies  (see 
p.  36).  The  further  development  of  this  theory  has  suggested 
the  possibility  of  the  occurrence  of  cis-  and  iraws-isomerism  and 
of  optical  isomerism— deductions  that  have  been  fully  verified 
by  the  preparation  of  substances  of  this  description.  These 
deductions  are  based  on  the  view  that  the  six  groups  associated 
with  the  cobalt  atom  are  arranged  round  this  central  atom  in  the 
positions  corresponding  with  the  angles  of  an  octahedron.^ 

'  Werner,  Ber.,  1907,  40,  66,  2103. 

^  For  a  summary  of  Werner's  later  work,  on  both  the  theoretical  and 
practical  sides,  see  Chemical  Society's  Annual  Reports,  1911,  8,  77;  also 
Werner,  Ber.,  1912,  45,  121. 
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Cobalt  with  Phosphorus,  Aesenic,  and  Antimony. 

590  Phosphides  of  Oobali. — When  pieces  of  phosphorus  are 
thrown  on  to  heated  cobalt  a  bluish-white  brittle  mass  with  a 
metallic  lustre  is  formed.  This  tarnishes  on  exposure  to  air, 
melts  at  a  lower  temperature  than  cobalt,  and  contains  6  per 
cent,  of  phosphorus.  On  heating  it  burns  with  formation  of 
a  dark-blue  glass  (Pelletier).  When  cobalt  reduced  in  hydrogen 
is  heated  to  dark  redness  in  the  vapour  of  phosphorus,  a  light- 
grey  mass  with  a  metallic  lustre  is  formed,  containing  28'4  per 
cent,  of  phosphorus  (Schrotter),  and  corresponding  nearly  to  the 
formula  Co^Pg.  A  compound,  CogPj,  is  also  formed  as  a  black 
powder  by  igniting  a  normal  phosphate  in  a  current  of  hydrogen. 

The  phosphide,  CojP,  is  obtained  when  cobalt  formed  by 
reduction  of  the  oxide  or  oxalate  is  heated  to  redness  in  the 
vapour  of  phosphorus  trichloride,  tribromide  or  di-iodide,^  and 
a  substance  of  this  composition  is  also  produced  in  grey  crystals 
when  finely  divided  cobalt  is  heated  with  a  copper  phosphide 
in  the  electric  furnace.^  The  existence  of  this  compound  is 
indicated  by  the  occurrence  of  a  maximum  on  the  freezing 
point  curve  for  mixtures  of  phosphorus  and  cobalt.^  Another 
compound,  CojPg,  is  obtained  as  a  black  metallic  mass  by 
heating  cobalt  chloride  at  a  dull  red  heat  in  the  vapour  of 
phosphorus.* 

Cohalt  Arsenide,  CoAsg,  occurs  as  skutterudite  near  Modum, 
in  Norway,  crystallised  in  octahedral  forms  as  well  as  in  the 
massive  state.  It  possesses  a  colour  from  tin-white  to  a  pale 
lead-grey,  and  usually  contains  small  quantities  of  iron  and 
sulphur.  Smaltite  or  tin-white  cobalt,  CoAs^,  usually  contains 
varying  quantities  of  iron  and  nickel,  and  occurs  in  tin-white 
octahedral  forms  as  well  as  in  the  massive  state  in  the  Erzgebirge. 
Cobaltite,  cobalt  glance,  or  bright  white  cobalt,  CoAsa.CoSj 
or  CoAsS,  crystallises  in  the  regular  system,  usually  in  pyramid 
octahedra  and  their  combinations,  and  a  portion  of  the  cobalt  is 
generally  replaced  by  iron.  It  has  a  silver-white  colour  inclining 
to  red,  and  occurs  in  Sweden,  in  Westphalia,  and  in  the 
Bottolack  Mine  near  St.  Just  in  Cornwall.  Other  arsenides, 
C03AS2,  CoAs,  and  CogAsg,  have  been  prepared.^ 

1  Granger,  Oompt.  rend.,  1896,  123,  176. 

2  Maronneau,  Oompt.  rend.,  1900,  130,  656. 

3  Sohemtsohuschny  and  Schepelefif,  Zeit.  anorg.  Ohem.,  1909,  64,  245. 
*  Granger,  Compt.  rend.,  1896,  122,  U84. 

»  Duoelliez,  Compt.  rend.,  1908,  147,  424. 
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Cobalt  antimonide,  CoSb,  and  cobalt  di-a7itimonide,  CoSbg, 
are  crystalline  powders  melting  about  1200°  and  700°  respec- 
tively. ■"• 

Phosphates  a7id  Arsenates  of  Cobalt. — The  normal  and  mono- 
hydrogen  cobalt  salts  of  the  different  modifications  of  phos- 
phoric acid  are  rose-red  or  violet-blue  insoluble  compounds.  The 
di-hydrogen-orthophosphate  is  easily  soluble  in  water  and  forms 
a  gummy  mass.  The  arsenates  are  similar  bodies;  the  normal 
arsenate,  Co3(As04)2,8H20,  occurs  native  as  cobalt  bloom  or 
erythrite,  in  violet  monoclinic  needles  isomorphous  with 
vivianite,  or  in  earthy  masses.  Zaffre  is  an  impure  basic 
arsenate  obtained  by  roasting  cobalt  glance  free  from  iron, 
or  by  dissolving  the  ore  in  nitric  acid  and  precipitating  with 
soda.     It  is  used  for  painting  on  porcelain. 

Three  insoluble  ammoniacal  arsenates  have  been  obtained  by 
the  action  of  arsenic  acid  on  solutions  of  cobalt  salts  in  the  pres- 
ence of  ammonia  and  ammonium  salts.  These  compounds  have 
the  formulas  Co3(A.sOj2,NH3,7H20,  Co3(AsO,)2,2NH3,6H20,  and 
Co3(AsO^)2,3NH3,,5H20,  and  may  be  considered  as  the  normal 
arsenate  in  which  the  water  of  crystallisation  is  partially 
replaced  by  ammonia.^ 

Cobalt  and  Carbon. 

591  Carbonates  of  Cobalt.~The  normal  salt,  C0CO3,  is  ob- 
tained as  a  bright-red  powder,  consisting  of  microscopic  rhom- 
bohedra,  by  heating  cobalt  chloride  to  140°  with  a  solution  of 
sodium  bicarbonate  saturated  with  carbon  dioxide.  The  salt, 
CoCOg.eHgO,  is  formed  by  allowing  mixed  solutions  of  cobalt 
nitrate  and  sodium  bicarbonate,  saturated  with  carbon  dioxide,  to 
stand  at  a  low  temperature  until  the  amorphous  precipitate  which 
is  first  formed  becomes  crystalline  ;  the  dry  salt  is  converted  into 
the  anhydrous  salt  on  warming.  When  a  solution  of  a  cobalt 
salt  IS  precipitated  with  normal  or  acid  sodium  carbonate, 
bluish  or  violet  basic  cobalt  carbonates  of  varying  composition 
are  thrown  down.^  Cobalt  carbonate  forms  a  pink  double  salt 
with  potassium  carbonate.* 

Cobalt  Tetracarbonyl,  Co2(CO)8,  is  obtained  by  heating  cobalt 
m  a  nickel-steel  vessel  at  about  150°  with  carbon  monoxide 


1  Duoelliez,  Oompt.  rend.,  1908,  147,  1048. 

^  Ducru,  Compt.  rend.,  1900,  131,  675. 

^  Compare  Meigen,  Jmtni.  Chem.  Soc,  1905,  88,  ii,  454. 

^  See  Wood  and  Jones,  Proc.  Camb   Phil.  Soc,  1907,  14,  171. 
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under  a  pressure  of  not  less  than  30  atmospheres.^  In  this 
way  fine  orange-coloured  crystals  of  cobalt  tetracarbonyl  are 
obtained,  which  are  best  kept  in  a  sealed  glass  tube  in  an 
atmosphere  of  hydrogen  or  carbon  monoxide.  If  left  in  contact 
with  the  air,  the  substance  decomposes,  yielding  a  basic  cobalt 
carbonate.  Cobalt  tetracarbonyl  is  insoluble  in  water,  but 
dissolves  more  or  less  in  organic  solvents,  such  as  carbon  disul- 
phide,  ether,  and  alcohol.  The  double  molecular  formula, 
002(00)3,  is  established  by  cryoscopic  determinations.  The 
pure  crystals  melt  at  51°  without  decomposition,  but  this  sets 
in  immediately  thereafter.  At  60°  decomposition  is  fairly  rapid 
and  results  in  the  formation  of 

Cobalt  Tricarhonyl,  Co(CO)3. — This  compound  crystallises  from 
benzene  in  jet-black  crystals,  which  may  be  decomposed  with 
bromine  water  for  the  purpose  of  analysis.  It  is  very  liable  to 
change  in  air,  and  is  sparingly  soluble  in  the  common  solvents. 

Cobaltoits  Cyanide,  Co(CN)2,3H20,  is  a  reddish  precipitate 
obtained  when  solutions  of  potassium  cyanide  and  a  cobalt 
salt  are  mixed.  It  dissolves  easily  in  excess  of  the  precipitant, 
probably  forming  a  solution  of  potassium  cobaltocyanide.  If 
the  solution  is  treated  with  dilute  hydrochloric  acid  cobaltous 
cyanide  is  again  precipitated,  but  if  the  solution  is  previously 
warmed  this  does  not  occur,  inasmuch  as  the  more  stable 
potassium  cobalticyanide  is  formed  (see  below). 

The  cobaltocyanides  and  cobalticyanides  are  analogous  in 
composition  to  the  ferro-  and  ferri-cyanides  (p.  1262),  and  may  be 
regarded  as  salts  of  a  complex  radical  containing  cobalt.'^  The 
cobalt  is  not  precipitated  by  the  usual  reagents,  but  the  com- 
pounds, especially  the  cobaltocyanides,  are  not  so  stable  as  the 
corresponding  iron  compounds. 

Potassium  Cobaltocyanide,  K^CoCys,  is  a  deep  amethyst- 
coloured  crystalline  powder,  which  is  obtained  by  dissolving  co- 
baltous cyanide  in  potassium  cyanide  at  a  low  temperature  and 
precipitating  with  alcohol. 

Potassium  Cobalticyanide,  KgCoCyg,  is  formed  when  an  excess 
of  potassium  cyanide  is  added  to  a  solution  of  a  cobalt  salt, 
together  with  a  little  acetic  acid  or  hydrochloric  acid,  and  the. 
liquid  well  boiled : 

6KCy  H- 2CoCy2 -f- 2HCy  =  2  KgCoOye + Hg. 

1  Mond,  Hirtz,  and  Cowap,  Jottrn.  Oliem.  Soc,  1910,  97,  798. 

2  See  Descamps,  Ann.  Chim.  Phys.,  [5],  1881,  24,  193. 
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When  a  solution  of  potassium  cobaltocyanide  is  rapidly 
oxidised  by  atmospheric  oxygen,  it  is  converted  into  the  cobalti- 
cyanide,  and  twice  as  much  oxygen  is  absorbed  as  is  required 
by  the  equation : 

2K,CoCy6 + HP  +  0  =  2K3CoCy6 + 2K0H. 

At  the  end  of  the  reaction  hydrogen  peroxide  is  found  in  the 
solution  in  an  amount  corresponding  to  the  whole  of  the 
absorbed  oxygen.  On  the  other  hand,  when  a  solution  of  the 
cobaltocyanide  is  boiled,  hydrogen  is  evolved  equal  in  volume 
to  the  oxygen  absorbed  by  the  above  oxidation.  Manchot  and 
Herzog,^  therefore,  consider  that  the  oxidation  of  potassium 
cobaltocyanide  in  solution  is  effected  by  the  water,  the 
absorbed  oxygen  uniting  with  the  hydrogen  liberated  to  form 
hydrogen  peroxide. 

This  salt  crystallises  in  bright  yellow  crystals  isomorphous 
with  potassium  ferricyanide.^  Copper  sulphate  yields  a  blue, 
and  silver  nitrate  a  white  precipitate,  the  salts  Cu3(CoCyg)2 
and  AggCoCyg  being  formed.  Ferrous  cobalticyanide, 
Fe3(CoCyg)2,  is  a  white  precipitate,  whilst  cohaltous  cobalti- 
cyanide, Cog(CoCyg)2,14H20,  is  a  pink  precipitate  which 
becomes  anhydrous  and  blue  when  heated  to  200°.  Cobalti- 
cyanides  of  other  metals  ^  and  also  of  organic  bases  *  have  been 
described.  When  the  copper  salt  is  decomposed  by  sulphuretted 
hydrogen  cohalticyanic  acid,  HgCoCyg,  is  formed,  and  this  is 
deposited  in  colourless  silky  needles  on  evaporating  the  solution. 
It  is  deliquescent,  has  a  strongly  acid  taste  and  reaction,  and  is 
not  attacked  even  by  strong  nitric  acid. 

Cobalt  and  Silicon,  Aluminium,  and  Zinc. 

592  Golalt  suicides. — The  compound,  CogSi,  is  produced  when 
cobalt  is  heated  with  silicon  in  the  electric  furnace,  or  at 
1200-1300°  in  silicon  tetrachloride  vapour,  and  forms  grey 
metallic  crystals  of  specific  gravity  7 '28.^  By  heating  cobalt 
in  the  electric  furnace  with  copper  silicide  the  monosilicide,  CoSi, 
is  formed,  whilst  with  excess  of  silicon  or  a  mixture  of  copper 
silicide  and  silicon,  the  disilicide,  CoSi2,  is  obtained.^ 

'  5er.,  1900,  33,  1742 ;  see  also  Moore,  Chem.  Netus,  1893,  68,  295. 

'  Gmelin,  Handbuch  Org.  Chem.,  1,  397. 

»  Miller  and  Mathews,  J.  Amer.  Chem.  Soc,  1900,  22,  62. 

*  Wagoner  and  Tollens,  Ber.,  1906,  39,  410. 

''  Vigouroux,  Compt.  rend.,  1895,  121,  686;  1906,  142,  635. 

"  Lebeau,  Ann.  Ohim.  Phya.,  1902,  27,  271. 
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Silicates  of  Cobalt.  Smalt.— The  silicates  of  cobalt  do  not 
occur  as  minerals  in  nature.  Although  certain  specimens  of 
ancient  Egyptian  glass  have  been  found  to  be  coloured  blue  by 
cobalt,  the  direct  application  of  the  ores  of  cobalt  for  this 
purpose  appears  to  date  from  the  sixteenth  century.  Smalt 
is  a  potash  glass  coloured  an  intense  blue  by  cobalt  oxide.  Up 
to  the  middle  of  the  19th  century  smalt  was  largely  used  for 
colouring  starch,  paper,  &c.,  but  the  introduction  of  artificial 
ultramarine  has  done  much  to  diminish  the  demand  for  cobalt 
blue. 

For  the  preparation  of  smalt,  the  ore,  such  as  speiss-cobalt  or 
cobalt  glance,  free  as  far  as  possible  from  ii'on  and  sulphur,  is 
first  carefully  roasted  so  that  the  cobalt  mainly  is  oxidised,  whilst 
nickel,  iron,  copper,  and  bismuth  remain  for  the  most  part  un- 
altered, and  separate  out  as  an  insoluble  speiss  when  the 
mixture  is  melted  with  glass.  The  roasted  ore  is  then  fused 
with  a  mixture  of  quartz  sand  and  potashes,  the  fusion  being 
effected  in  large  earthen  pots,  arranged  in  a  furnace  similar  to 
that  employed  for  the  manufacture  of  plate  glass.  The  arsenides 
of  nickel  and  iron  sink  to  the  bottom  of  the  pot  and  the  glass  is 
ladled  out  into  cold  water.  The  blue  glass  is  then  ground  with 
water  to  an  impalpable  powder  under  granite  stones. 

Smalt  varies  in  composition  according  to  the  differences  in 
the  ores,  and  the  proportion  of  sand  and  potashes  employed. 
Thus  the  amount  of  silica  varies  between  56  and  70  per  cent., 
that  of  potash  between  12  and  22,  and  that  of  cobalt  between 
6  and  16  per  cent.  In  addition,  smalb  contains  small  quantities 
of  alumina,  ferric  oxide,  and  frequently  also  lime,  and  oxide 
of  lead ;  the  commoner  varieties  likewise  contain  oxide  of 
nickel.  Smalt  has  the  advantage  as  a  paint  over  ultramarine  that 
its  colour  is  not  destroyed  by  the  action  of  acids. 

Together  with  smalt,  two  other  pigments  containing  cobalt 
must  be  mentioned,  although  their  composition  is  undetermined. 
Binmann's  Green  is  obtained  either  by  precipitating  a  mixture 
of  zinc  sulphate  and  cobalt  sulphate  with  soda  and  heating 
the  washed  precipitate,  or  by  evaporating  a  solution  of  cobalt 
nitrate  with  oxide  of  zinc,  or  zinc  nitrate,  to  dryness,  and 
igniting  the  residue.  A  very  intensely  green-coloured  mass  is 
obtained  by  heating  zinc  white  with  roseocobaltic  chloride 
(p.  1288)  to  a  moderate  red  heat.^ 
Thinard's  Blue  or  Cobalt  Ultramarine. — When  alumina,  or  a 

1  Compare  Hedvall,  Ber.,  1912,  45,  2095. 
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salt  of  aluminium,  is  strongly  heated  with  cobalt  oxide  or 
one  of  its  salts,  a  fine  blue-coloured  product  is  obtained.  This 
is  prepared  on  the  large  scale  by  heating  a  mixture  of  alumina 
with  phosphate  or  arsenate  of  cobalt,  and  is  used  as  a  paint. 

Detection  and  Estimation  of  Cobalt. 

593  This  metal  is  characterised  by  its  black  sulphide,  in- 
soluble in  acetic  and  dilute  hydrochloric  acids,  and  by  the  fine 
blue  colour  which  its  compounds  impart  to  the  borax  bead.  If 
a  cobalt  compound  be  reduced  on  a  carbonised  match  the  metal 
is  obtained  in  shining  white  magnetic  particles ;  these  dissolve 
in  hydrochloric  acid  forming  a  rose-red  solution,  which  becomes 
blue  on  evaporation. 

Cobalt  chloride  imparts  to  the  non-luminous  gas  flame  an 
evanescent  rose-red  colour,  but  this  does  not  give  any  charac- 
teristic spectrum.  The  spark  spectrum  of  the  chloride  contains 
a  large  number  of  bright  lines,  and  the  metal  also  gives  a  spec- 
trum consisting  of  a  large  number  of  bright  lines  of  which  the 
following  in  the  blue  are  the  most  characteristic  (Thal^n) ; 
4868,  4840,  4815,  4793,  4780. 

Cobalt  is  usually  estimated  as  the  oxide,  CogO^,  which  is  ob- 
tained by  strongly  heating  the  monoxide,  carbonate,  nitrate,  &c., 
in  the  air.  It  may  also  be  weighed  as  metal  obtained  by  the 
reduction  of  the  nitrate  or  the  chloride  in  hydrogen ;  and  when 
it  is  combined  with  a  volatile  acid  it  may  be  estimated  as  the 
anhydrous  sulphate  by  heating  the  salt  with  .sulphuric  acid. 
The  metal  may  also  be  estimated  electrolytically.  For  the 
separation  of  cobalt  from  nickel  special  methods  must  be 
employed  (see  p.  1316). 

The  Atomic  Weight  of  cobalt,  like  that  of  nickel,  has  been  fre- 
quently determined.  Among  the  earlier  determinations  may 
be  mentioned  those  of  Rothhoff,i  Schneider,^  Marignac,^  Gibbs,^ 
Dumas,**  Russell,^  Zimmermann,^  and  Winkler.*  In  an  in- 
vestigation by  Hempel  and  Thiele "  the  reduction  of  tricobalt 


g.  Ann.,  1826,  8,  185.  ^  p^gg  ^„,j^^  jggy^  jqI,  387. 

^  Arch.  Sci.  Phys.  Nat.,  1858,  [2],  1,  373. 
*  Amer.  J.  Sci.,  1858,  [2],  25,  438. 
5  Ann.  Ghim.  Phys.,  1859,  [3],  55,  129, 

«  Journ.  Chem.  Soc,  1863,  16,  51  ;  Ghem.  News,  1869,  20,  20. 
'  Annahn,  1885,  232,  324. 

8  Zeit.  anal.  Chem.,  1867,  6,  22;  Zeit.  anorg.  Chem.,  1895,  8,  1, 
»  Zeit.  anorg.  Chem.,  1896,  11,  73. 
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tetroxide  gave  the  number  58'97,  and  the  analysis  of  the 
chloride  58'89.  Richards  and  Baxter  ^  determined  the  ratios  of 
cobalt  bromide  to  silver  bromide  and  to  silver,  and  as  the  mean 
of  a  large  number  of  experiments  obtained  the  number  58"99. 
They  determined  also  the  weight  of  cobalt  obtained  by  the 
reduction  of  cobaltous  oxide,  chloride,  and  bromide  bj'  heating 
in  hydrogen,  and  obtained  numbers  between  58'93  and  59"06. 
More  recently,  from  the  ratios  of  cobalt  chloride  to  silver  and 
to  silver  chloride,  Baxter  and  Coffin  ^  found  the  number  59"00. 
The  value  at  present  (1913)  adopted  is  58'97. 

The  atomic  weight  of  cobalt  is  higher  than  that  of  nickel, 
although  chemical  analogies  require  that  cobalt  should  precede 
nickel  in  the  periodic  system  (p.  67).  Further  investigation 
into  the  cause  of  this  anomaly  is  needed. 


NICKEL.      Ni  =  58-68. 

594  The  first  mention  of  an  ore  of  this  metal  is  found  in  the 
writings  of  Hiarni  in  1694,  the  name  of  kupfer-nickel,  signifying 
false  copper,  being  given  to  it  because,  whilst  possessing  the 
colour  of  a  copper  ore,  this  latter  metal  could  not  be  extracted 
from  it.  In  spite  of  the  failure,  the  ore  was  long  supposed  to 
contain  copper,  but  after  the  discovery  of  cobalt  many  believed 
that  this  metal  was  contained  in  kupfer- nickel.^  In  1751 
Cronstedt  published  in  the  Transactions  of  the  Stockholm 
Academy  an  investigation  upon  an  ore  which  was  obtained  from 
the  mines  of  Helsingland.  This  gave  a  green  vitriol,  which 
imparted  a  brown  and  not  a  blue  colour  to  glass,  and  yielded  a 
hard  brittle  metal.  In  1754  he  stated  that  a  semi-metal 
occurred  most  abundantly  in  kupfer-nickel,  and  therefore  he 
proposed  to  give  to  it  the  name  of  nickel.  He  likewise  showed 
that  the  speiss  formed  in  the  preparation  of  smalt  consisted  to  a 
large  extent  of  nickel,  and  was  not,  as  had  been  believed,  a 
burnt  cobalt  which  had  lost  its  spirit.  Cronstedt's  views  did 
not  find  general  acceptance ;  but  in  1774  Bergman's  research 
on  nickel  made  its  appearance,  and  in  this  he  showed  that  the 
nickel  which  Cronstedt  had  obtained  only  in  the  impure  state 
was  in  reality  a  new  metal. 

1  Zdt.  ancn-g.  CUm.,  1898,  16,  362 ;  1899,  21,  250 ;  1899,  22,  221 ;  compare 
Winkler,  iUd.,  1898,  17,  236. 

2  Ze.it.  anorg.  Chem.,  1906,  51,  171. 

»  See  Link,  Phil.  Trans.,  1726,  34,  192. 
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Nickel  almost  always  occurs  in  nature  together  with  cobalt. 
Its  most  important  ores  are  niccolite,  nickeline,  or  kupfer-nickel, 
NiAs,  found  in  the  Saxon  mines,  in  Styria,  at  Leadhills,  and 
in  Connecticut ;  nickel  glance,  NiAsS ;  breithauptite,  NiSb ; 
millerite  or  nickel  blende,  NiS ;  linnaeite,  (Co,Ni,Fe)3S^ ; 
pentlandite,  (Ni,Fe)S ;  nickel  ochre  or  annabergite,  Ni,(As04)2, 
8H2O  ;  rewdanskite,  (Ni,Fe,Mg)3Si207,2H20,  &c.  Nickel  also 
occurs  frequently  in  magnetic  pyrites,  that  from  the  Gap 
Mine  in  Pennsylvania  containing  6'6  per  cent.,  and  being 
worked  for  nickel ;  whilst  a  similar  ore,  containing  about  2'56 
per  cent,  of  nickel,  and  an  equal  amount  of  copper,  is  worked 
in  Ontario,  where  it  is  sometimes  accompanied  by  nickeliferous 
iron  pyrites,  (Ni,Fe)S.2.  Similar  ores  occur  also  in  Oregon.  An 
important  source  of  nickel  has  been  opened  out  in  New 
Caledonia,  where  large  quantities  of  a  silicate  of  nickel  called 
garnierite,  2(Ni,Mg)5Si^Oj3,3H20,  occur. 

Nickel  is  an  essential  constituent  of  meteoric  iron  (p.  1163), 
its  presence  in  extra-terrestrial  matter  having  been  first 
detected  by  Proust.  It  is  contained  also  in  the  sun's 
atmosphere. 

Metallurgy  of  Nickel. 

595  The  method  adopted  for  the  extraction  of  metallic  nickel 
varies  according  to  the  nature  of  the  ore  to  be  treated. 
Formerly  nickel  was  largely  obtained  as  a  by-product  from  the 
treatment  of  complex  ores  of  copper,  &c.,  by  long  and  compli- 
cated wet  and  dry  processes,  but  at  the  present  time  most  of 
the  nickel  is  obtained  from  garnierite  and  nickeliferous 
pyrrhotite  and  chalcopyrite.^ 

The  method  of  treating  garnierite,  as  at  present  practised, 
consists  in  smelting  the  ore  with  the  addition  of  calcium 
sulphate  or  even  alkali  waste  (chiefly  calcium  sulphide),  for  the 
production  of  a  matte  of  nickel  and  iron,  together  with  a  slag, 
consisting  of  silicates  of  lime,  magnesia,  and  other  bases.  This 
matte,  which  generally  contains  about  50  per  cent,  of  nickel,  30 
per  cent,  of  iron,  and  20  per  cent,  of  sulphur,  is  either  blown  in 
small  Bessemer  converters  similar  to  those  used  for  enriching 
copper  mattes  (p.  411),  or  is  smelted  in  reverberatory  furnaces 
together  with  a  siliceous  flux,  yielding  in  both  cases  a  rich  pure 

'  Steinhart,  Trans.  Inst.  Min.  and  Mel.,  1905-6,  15,  230. 
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nickel  sulphide,  containing  80  per  cent,  of  nickel,  and  a  siliceous 
iron  slag  containing  a  small  amount  of  nickel. 

It  is,  however,  impossible  to  blow  this  nickel  sulphide  to 
the  metal,  as  can  be  done  with  copper  sulphide,  on  account  of 
reactions  which  yield  NiO  taking  place  more  easily  and  at  a 
lower  temperature  than  those  yielding  metallic  nickel.  The 
nickel  sulphide  has  therefore  to  be  carefully  roasted,  generally 
twice,  sometimes  with  the  addition  of  sodium  nitrate,  and  the 
nickel  oxide  washed  and  dried.  The  oxide  is  then  pressed  into 
the  form  of  small  cubes,  and  those  are  strongly  ignited  with 
charcoal  powder.  The  reduction  takes  place  from  the  outside, 
the  metal  absorbing  carbon  and  retaining  the  form  of  the  cubes. 
The  operation  is  usually  carried  on  in  clay  crucibles  standing 
on  the  hearth  of  a  reverberatory  furnace,  or  in  a  special  furnace  ^ 
in  which  the  reduction  may  be  carried  on  continuously.  This 
consists  of  a  furnace  through  which  vertical  fire-clay  tubes  pass  ; 
these  tubes  are  charged  at  the  top  with  the  mixture  of  crude 
oxide  and  coal,  and  the  metal  is  withdrawn  from  time  to  time 
at  the  bottom.  Commercial  nickel  contains  carbon,  as  well  as 
small  quantities  of  cobalt,  copper,  iron,  and  sulphur. 

For  sulphides  such  as  the  Canadian  ores,  containing  3  per 
cent,  of  nickel  and  about  2  per  cent,  of  copper,  the  process 
is  carried  out  as  follows  :  the  ore  is  first  heap-roasted  to  oxidise 
the  iron  and  remove  the  excess  of  sulphur.  The  roasted  ore 
is  then  smelted  in  a  blast  furnace,  producing  a  matte  containing 
36  to  40  per  cent,  nickel-copper.  This  matte  is  then 
concentrated,  either  by  being  again  put  through  the  cupola 
with  a  siliceous  flux,  or  by  being  blown  in  a  converter,  to  an 
80  per  cent,  nickel-copper  matte. 

The  separation  of  the  nickel  from  the  copper  is  effected  by 
what  is  known  as  "tops  and  bottom"  smelting,  by  means 
of  an  alkaline  sulphide.  The  matte  is  mixed  with  coke  and 
sodium  sulphate  (salt-cake),  30  tons  of  salt-cake  and  7  tons 
of  coke  being  used  for  50  tons  of  matte,  and  is  charged 
into  a  magnesia-lined  open-hearth  reverberatory  furnace.  The 
mixture  is  melted  down  and  allowed  to  stand  for  five  hours 
in  the  furnace,  being  frequently  poled.  Practically  complete 
solution  of  the  copper  sulphide,  and  any  iron  sulphide  present, 
is  thus  effected  in  the  sodium  sulphide  formed  from  the 
salt-cake.  The  molten  charge  is  then  tapped  from  the  furnace 
and  allowed   to   separate   in   moulds,  or   the   two   strata  are 

1  Ber.  Entw.  Cham.  Ind.,  7,  866. 
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tapped  separately  from  the  furnace.  The  nickel  sulphide 
thus  obtained  may  be  roasted  and  reduced  as  already  described. 
A  small  amount  of  nickel  is  also  extracted  by  a  wet  method  as 
described  under  cobalt  (p.  1276). 

An  extremely  interesting  process  was  introduced  by  Mond/ 
which  depends  on  the  formation  of  the  volatile  nickel  carbonyl, 
Ni(CO)^,  when  the  finely  divided  metal  is  exposed  to  the 
action  of  carbon  monoxide  at  80°.  The  Canadian  matte  is 
roasted  and,  after  the  extraction  of  the  copper  by  means  of  sul- 
phuric acid,  is  exposed  to  the  reducing  action  of  water  gas  at  a 
temperature  not  exceeding  400°.  The  reduced  metal  is  then 
passed  by  air-tight  conveyers  to  the  "  volatiliser,"  in  which  it 
passes  downwards  over  a  series  of  shelves,  where  it  is  exposed 
at  a  temperature  of  80°  to  an  ascending  current  of  carbon  mon- 
oxide. This  gas  is  prepared  by  passing  the  flue  gas  from  a 
boiler  through  potassium  carbonate  solution,  boiling  the  solution, 
and  leading  the  pure  carbon  dioxide  given  off  over  incandescent 
coke.  The  gas  leaving  the  volatiliser  contains  nickel  carbonyl 
and  is  passed  through  tubes  or  chambers  heated  to  180°,  in 
which  the  nickel  is  deposited  in  the  pure  state,  the  carbon 
monoxide  being  regenerated  and  passing  back  to  the  volatiliser : 

Ni(C0),  =  Ni  +  4C0. 

In  practice,  small  quantities  of  magnesium  are  often  added 
to  molten  nickel ;  this  is  found  to  make  the  metal  very  fluid 
before  casting,  and  also  renders  it  malleable,  and  free  from 
blow-holes  due  to  gas. 

Pure  nickel  can  be  prepared,  according  to  Winkler,^  by  electro- 
lysing a  solution  of  the  pure  sulphate  containing  ammonium 
sulphate  and  ammonia,  a  cathode  of  highly  polished  nickel 
being  used,  and  the  current  passed  until  the  nickel  separates 
from  the  electrode  in  thin  plates.  It  is  then  heated  in  a  current 
of  pure  dry  hydrogen. 

The  production  and  consumption  of  metallic  nickel  is  rapidly 
increasing,  as  is  shown  by  the  following  figures,  giving  the 
world's  production  of  the  metal : 

1868  700  tons 

1895  4762 

1900  7526    "„ 

1904  12,000    „ 

1910  20,000    „ 

^  /.  Soc.  Chem.  hid.,  1895,  14,  945.  -  Zeil.  anonj.  Chem.,  1894,  8,  1. 
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596  Properties.—'N ickel  is  a  lustrous  silver-white  metal 
with  a  steel-grey  tinge.  It  is  very  hard  and  takes  a  high 
polish,  and  may  easily  be  rolled  out  into  thin  plates  and  drawn 
into  wire.  The  pure  metal  melts  at  1452°,  but  may  be  welded 
below  its  melting  point,  and  distils  in  the  electric  furnace  more 
readily  than  cobalt.^  As  in  the  case  of  iron,  when  the  metal 
contains  carbon  it  is  less  malleable  and  more  readily  fusible. 
It  has  a;  sp.  gr.  of  8-8  to  8-9,  and  its  average  specific  heat 
between  15°  and  100°  is  010842. 

Nickel  oxidises  only  with  difficulty,  even  on  heating  in  the  air. 
It  decomposes  steam  very  slowly  at  a  red  heat  with  formation 
of  the  monoxide,  which  is  also  formed  when  the  metal  is  heated 
at  200°  in  nitric  oxide.^  It  is  slowly  soluble  in  hydrochloric  or 
dilute  sulphuric  acid,  and  does  not  dissolve  quickly  even  in  the 
concentrated  acid.  On  the  other  hand,  it  dissolves  readily  in 
dilute  nitric  acid ;  but  if  it  be  dipped  into  the  concentrated  acid 
it  becomes  "  passive  "  as  does  iron.  Nickel  is  attracted  by  the 
magnet  below  360°,  and  readily  assumes  a  polar  condition.  It 
is  capable  of  absorbing  about  17  times  its  volume  of  hydrogen. 
Nickel  is  now  largely  employed  for  plating  and  for  the  manu- 
facture of  alloys,  among  which  nickel  steel,  nickel-chrome  steel, 
and  German  silver  are  the  most  important.  The  unalloyed 
metal,  containing  98*7  per  cent,  of  nickel  and  cobalt,  was 
adopted  in  1892  by  the  Government  of  Austria-Hungary  for  the 
production  of  minor  coins,  and  has  since  been  largely  used  for 
this  purpose  by  other  countries.  It  is  employed  also  for  the 
manufacture  of  crucibles  which  can  be  used  in  many  laboratory 
operations,  instead  of  those  made  of  the  more  costly  platinum. 

Electro-nickel  Plating. — Pure  nickel  is  used  as  the  positive  pole 
in  processes  &r  the  electro-deposition  of  nickel,  which  are  espe- 
cially valuable  for  coating  iron  and  steel  with  a  thin  film  of  pure 
nickel.  If  the  coating  be  well  deposited  the  metal  scarcely 
undergoes  any  oxidation,  but  it  is  found  to  adhere  better  when 
a  layer  of  copper  is  first  deposited  on  the  iron.  The  process  of 
nickel-plating  was  first  applied  to  fire-arms  in  order  to  preserve 
them  from  rusting.  Now,  however,  it  is  also  used  for  covering 
various  parts  of  machines,  locks,  keys,  surgical  instruments,  and 
other  fine  iron-  and  steel-work.  A  great  variety  of  proposals 
have  been  made  for  the  preparation  of  the  liquid  used  in  this 
process,   but  the   only  bath   which   is   practically  useful   is   a 

1  Moissan,  Compt.  rend.,  1906,  142,  425. 

2  Sabatier  and  Senderens,  Compt.  rend.,  1892,  114,  1429. 
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solution   of  pure   nickel  ammonium   sulphate,  saturated  at  a 
temperature  of  20-25°.^ 

Alloys  of  Nickel. 

597  In  1825  Thenard  in  his  TraiU  de  Ghimie  remarked  that 
nickel  was  not  employed  for  any  practical  purpose,  although 
Engestrom  had  pointed  out  so  long  ago  as  1776  that  Chinese 
packfong  is  an  alloy  of  copper,  zinc,  and  nickel.  Packfong,  or 
rather  Pack-Tong,  means  white  copper,  and  Tong-Pack  probably 
means  the  same  thing,  although  in  Europe  this  name,  changed 
to  tomback,  is  employed  to  describe  a  particular  kind  of  brass. 
Since  the  middle  of  the  eighteenth  century  a  white  alloy  had 
been  prepared  at  Suhl,  in  Hanneberg,  from  old  copper  slag;  and 
Brandes  in  1823  showed  that  this  white  copper  consisted  chiefly 
of  an  alloy  of  copper  and  nickel,  and  thus  commenced  the 
manufacture  of  nickel  alloys  known  under  the  name  of  German 
silver,  nickel  silver,  or  argentan,  a  trade  which  has  now  attained 
large  dimensions.  The  nickel  industry  received  a  further  im- 
pulse from  the  application  of  copper-nickel  alloys  to  the  manu- 
facture of  small  coin,  which  was  first  introduced  into  Switzer- 
land in  1850.  The  Swiss  pieces  of  twenty,  ten,  and  five  centimes 
contain  respectively  fifteen,  ten,  and  five  per  cent,  of  silver 
alloyed  with  10  parts  of  nickel  and  12 '4  of  zinc,  the  residue 
being  made  up  of  copper.  These  proportions  are,  however,  not 
constant,  as  in  the  melting  more  or  less  zinc  volatilises.  A 
yellow  alloy  containing  twelve  of  nickel  to  eighty-eight  of 
copper  was  adopted  in  1856  by  the  United  States  Government 
for  the  one  cent  pieces,  and  in  1860  the  Belgian  Government 
instituted  a  nickel-copper  coinage,  containing  twenty-five  of 
the  former  to  seventy-five  of  the  latter  metal,  this  same  alloy 
being  adopted  in  1866  by  the  United  States  for  the  five  and  ten 
cent  pieces,  by  Brazil  in  1872,  and  by  the  German  Government 
in  1873  for  the  five-  and  ten-pfennig  pieces. 

The  advantages  of  nickel  coinage  are,  in  the  first  place,  that 
the  metal  is  more  valuable  than  copper,  and,  therefore,  for  the 
same  value,  the  coins  can  be  of  smaller  size  ;  secondly,  that  the 
alloy  is  hard  and  the  coin  wears  well ;  thirdly,  that  the  alloy 
requires  experienced  workmen  to  prepare  it  in  the  homo- 
geneous condition;  and,  lastly,  that  in  consequence  of  its 
hardness  it  requires  powerful  machinery  for  its  manufacture. 

It  is  a  very  remarkable  fact  that  a  coin  of  the  Bactrian  King 
1  Ber.  Entw.  Ghent.  Ind.,  i.,  874 
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Euthydemos,  who  reigned  about  235  B.C.,  analysed  by  Flight/ 
possesses  a  very  similar  composition  to  the  alloy  in  question, 
viz. :  77'58  per  cent,  of  copper,  and  20-04  per  cent,  of  nickel. 

The  above  alloys  of  nickel,  on  fusing,  absorb  a  considerable 
quantity  of  gas,  and  the  higher  the  temperature  and  the 
percentage  of  nickel  the  greater  is  the  quantity  absorbed. 
Kunzel  found  that  if  an  alloy  of  eighty  parts  of  copper  and 
twenty  of  nickel  be  fused  in  a  crucible  half  filled  with  the 
mixture,  and  this  quickly  cooled,  the  mass  froths  up  from  the 
evolution  of  gas,  and  runs  over  the  top  of  the  crucible.  If  a 
copper-nickel  alloy  be  granulated  in  water,  yellow  globules  are 
obtained,  and  these  are  frequently  so  thin  that  they  float  on 
the  surface  of  the  water.^ 

Nickel  Silver,  or  German  Silver,  is  an  alloy  of  copper,  nickel, 
and  zinc,  containing  its  constituents  in  varying  proportions 
according  to  the  method  of  preparation  and  the  articles  for 
which  it  is  used.  As  a  rule  five  parts  of  copper,  two  of  nickel, 
and  two  of  zinc  are  used,  thus  giving  rise  to  an  alloy  which  has 
the  appearance  of  silver  alloyed  with  one-quarter  of  copper.  In 
Sheffield,  eight  parts  of  copper,  3'5  of  zinc,  and  three  of  nickel 
are  employed.  A  commoner  and  yellowish  alloy  is  obtained 
when  less  nickel  is  used,  whereas  if  more  nickel  be  employed 
the  alloy  has  a  bright  white  colour,  and  takes  a  high  silvery 
polish.  The  addition  of  2-5  per  cent,  of  iron  makes  the  alloy 
whiter,  but  also  harder  and  more  brittle. 

The  following  table  gives  the  composition  of  several  of  these 

alloys :  No.  I.  is   Chinese  packfong  analysed  by  Fyfe ;  II.  the 

same,  by  Kefferstein ;  III.  German  silver  by  Bolley :  IV.-VI. 

various  samples  of  nickel  silver  used  in  Birmingham  for  articles 

to  be  plated,  and  analysed   by   Louyet ;  VII.   an   alloy   from 

Sheffield  distinguished  by  extraordinary  elasticity  and  used  for 

the  friskets  of  printing  presses,  analysed  by  Eisner ;  and  VIII.  an 

alloy  used  for  strong  castings,  such  as  high  pressure  steam  fittings. 

I.         II.       III.       IV.         V.         VI.       VII.   VIII. 

Copper.      40-4    26-3    54-0   63-34    62-40    62-63    57-4    70-0 

Zinc  .    .      25-4    36-8    28-0    17-01    2215    2605    25-0    10-0 

Nickel  .      31-6    36-8    18-0    19-13    15-05    10-85    130   200 

Iron  .  .    2-6  —   —   trace  trace  trace   3-0  — 


100-0    99-9  1000    99-48    99-60   99-53    98-4  100-0 

1  The  Numinmatic  Chronicle,  8,  305  ;  and  Pogg.  Ann.,  1870, 139,  507. 

2  Be.r.  Ehitw.  Chem.  Ind.,  i.,  867. 
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In  preparing  nickel  silver  it  is  usual  to  melt  the  zinc  with 
half  the  weight  of  copper  which  it  is  ultimately  to  contain,  this 
alloy  being  then  cast  into  thin  plates.  The  other  half  of  the 
copper  is  then  fused  with  the  nickel  under  a  layer  of  charcoal 
powder,  and  the  copper-zinc  alloy  is  added.  After  cooling,  the 
alloy  possesses  a  crystalline  structure,  and  this  is  got  rid  of  by 
hammering  and  rolling,  again  heating,  and  allowing  to  cool. 
When  it  has  once  lost  its  crystalline  structure  it  can  be  worked 
like  brass,  and  although  it  is  harder  and  tougher  it  may  be  rolled 
out  to  foil  and  drawn  to  wire.  Hence  this  alloy  is  used  for  a  great 
number  of  purposes,  as  it  is  much  cheaper  than  silver,  and  less 
apt  to  be  discoloured.  On  the  other  hand,  it  is  more  readily 
attacked  by  acid  liquids,  and  for  this  reason  nickel  silver  articles 
employed  for  household  use  are  generally  covered  with  a  coating 
of  silver.  The  addition  of  small  quantities  of  aluminium  has 
been  shown  to  improve  greatly  the  quality  and  appearance 
of  nickel  silver. 

An  alloy  of  nickel  with  four  parts  of  copper  is  used  for  the 
casing  of  bullets  to  be  employed  with  small-bore  rifles. 

Monel  metal  is  an  alloy  possessing  remarkable  mechanical 
properties  and  containing  about  67  per  cent,  nickel,  28  per  cent, 
copper,  and  5  per  cent,  iron  and  manganese. 

The  addition  of  nickel  to  copper  greatly  increases  its  electrical 
resistance,  the  maximum  resistance  being  obtained  with  about 
40  per  cent,  of  nickel ;  the  resulting  alloy  is  known  as 
Constantan,  on  account  of  its  low  temperature  coefficient. 

Other  high  resistance  alloys  containing  nickel  are  Platinoid, 
consisting  of  60  per  cent,  copper,  24  per  cent,  zinc,  14  per  cent, 
nickel,  and  1  to  2  per  cent,  tungsten,  and  Rheostan,  containing 
62  per  cent,  copper,  18  per  cent,  zinc,  25  per- cent,  nickel,  and  5 
per  cent.  iron. 


COMPOUNDS    OF    NICKEL. 

Nickel  and  Oxygen. 

598  A  large  number  of  different  oxides  of  nickel  have  been 
described,  the  most  important  being  the  monoxide,  NiO,  which 
IS  the  only  one  yielding  a  corresponding  series  of  salts.  In 
addition,  the  sesquioxide,  Ni^Og,  has  been  prepared,  and  peroxides 
are  obtained  by  the  electrolytic  oxidation  of  the  metal.     Tri- 
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nickel  tetroxide.^  NigO^,  has  been  described  together  with  several 
other  oxides  such  as  Ni^Oy,^  NijOj,^  and  NigOg,*  as  well  as  the 
suboxides,  NigO  ^  and  Ni^O,"'  but  these  are  probably  mixtures  of 
the  monoxide  with  peroxide  in  the  one  case  and  nickel  in  the 
other. 

Nickel  Monoxide  or  Nickelous  Oxide,  NiO. — This  substance 
occurs  as  bunsenite  at  Johanngeorgenstadt  in  Saxony,  in 
vitreous  translucent  pistachio-green  regular  octahedra  having  a 
specific  gravity  of  6"398.  It  may  be  obtained  by  strongly 
heating  the  hydroxide,  sesquioxide,  carbonate,  or  nitrate,  in  the 
form  of  a  green  crystalline  powder,  which  becomes  deep- 
yellow  on  heating.  If  nickel  borate  be  ignited  with  lime  in  a 
pottery  furnace  and  the  mass  treated  with  hydrochloric  acid, 
nickel  oxide  remains  behind  in  green  cube-octahedra  which  have 
a  specific  gravity  of  6'8  (Ebelmen),  whilst  if  the  metal  be  ignited 
in  a  current  of  steam,  pale  olive-green  crystals  of  the  oxide 
are  formed.  When  heated  in  the  air  nickelous  oxide  at  first 
absorbs  oxygen,  but  loses  it  again  at  a  higher  temperature, 
whilst  in  the  electric  furnace  it  melts  and  solidifies  in  green 
crystals.'''  It  is  readily  reduced  by  hydrogen  at  220°,*  by  carbon 
monoxide  at  120°,  and  by  solid  carbon  at  450°.  The  dissociation 
pressures  of  nickelous  oxide  have  been  measured  between  800° 
and  1245°.9 

Nickel  Hydroxide,  Ni(0H)2,  is  thrown  down  when  a  solution 
of  a  nickel  salt  is  heated  with  potash  or  soda,  as  an  apple-green 
precipitate  slightly  soluble  in  water.  It  dissolves  in  ammonia 
with  a  blue  colour,  and  separates  out  as  a  green  crystalline 
powder  on  boiling  the  ammoniacal  solution. 

The  salts  of  nickel  are  derived  from  the  monoxide.  In  the 
anhydrous  condition,  and  formed  from  colourless  acids,  they  are 
usually  yellow-coloured,  whilst  in  the  hydrated  state  they  possess 
an  apple-green  to  an  emerald-green  colour.  The  soluble  normal 
salts  have  a  slightly  acid  reaction  and  a  sweetish  astringent 
metallic  taste,  and  act  as  emetics. 

1  Baubigny,  Compt.  rend.,  1878,  87,  1082;  Dudley,  /.  Amer.  Chem,  Soc, 
1896,  18,  901  ;  Bellucci  and  Rubegni,  Atti  R.  Accad.  Lincei,  [51,  1906,  15, 
ii.,  778,  2  Wicke,  Jahresb.,  1865,  267. 

=  Schroder,  Journ.  Chem.  Soc,  1890,  58,  1213. 

*  Chem.  News,  1879,  39,  81.  ^  Miiller,  Pogg.  Ann.,  1869,  136,  59. 

"  Moore,  Chem,.  News,  1895,  71,  81. 

'  Moissan,  Ann.  Chim.  Phys.,   1880,  [5],  21,   199  ;  Compt.  rend.,  1892,  115, 
1034. 
8  Ipatieff,  /.  pr.  Chem.,  1908,  77,  513. 
'  Foote  and  Smith,  /.  Amer.  Chem.  Soc,  1908,  30,  1344. 
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Nickel  Sesquioxide,  NijOg,  is  a  black  powder  obtained  by 
gentle  ignition  of  the  nitrate  or  carbonate  in  the  air,  and  is 
converted  at  a  higher  temperature  into  the  monoxide.  When 
the  sesquioxide  is  heated  in  the  oxy-coal-gas  flame  it  yields 
metallic  nickel,^  which  on  cooling  becomes  covered  with  a  film 
of  oxide.  It  dissolves  in  sulphuric  and  nitric  acids  with 
evolution  of  oxygen,  and  in  hydrochloric  acid  with  evolution 
of  chlorine,  whilst  nitrogen  is  evolved  when  it  is  acted  upon  by 
ammonia : 

SNi^Og  +  2NH3  -I-  3H2O  =  6Ni(OH)2  +  N^. 

When  potassium  is  burnt  in  the  air  in  nickel  vessels,  and  the 
product  treated  with  water,  black  prisms  remain  having  the 
composition  Ni203,2H20,  which  rapidly  oxidise  organic  sub- 
stances.^ It  appears  most  probable  that  the  sesquioxide  is  a 
compound  of  the  monoxide  and  dioxide,  NiCNiOg,  and  is  to  be 
regarded  as  nickelous  nickelite. 

When  chlorine  is  passed  through  nickelous  hydroxide 
suspended  in  water,  or  when  a  solution  of  a  nickel  salt  is  warmed 
with  an  alkali  hypochlorite,  a  black  precipitate  is  formed  which  is 
generally  regarded  as  nickel  trihydr oxide,  Ni(0H)3,  corresponding 
to  the  sesquioxide.  According  to  Bellucci  and  Clavari,^  however, 
this  substance  is  in  reality  the  hydrated  dioxide,  NiOj.xHjO, 
which  rapidly  loses  oxygen. 

Nickel  Dioxide,  NiO^,  has  not  been  prepared  in  the  anhydrous 
state,  but  a  compound  of  this  oxide  and  baryta  termed  barium 
nickelite,  BaO,2Ni02,  ^^  formed  when  barium  carbonate  is  strongly 
heated  with  nickel  sesquioxide  in  the  electric  furnace.  It  forms 
dark  coloured  crystals  of  sp.  gr.  48,  which  are  rapidly  decom- 
posed by  hot  water  and  dissolve  in  hydrochloric  acid  with  evolu- 
tion of  chlorine.* 

A  peroxide  of  nickel,  of  uncertain  composition,  is  formed  by 
the  electrolytic  oxidation  of  the  metal,  and  plays  a  part  in  the 
Jungner- Edison   accumulator.^      According    to    Hollard^    the 

1  Read,  Joum.  Chem.  Soc,  1894,  65,  314. 

'  Hofmann  and  Hiendlmaier,  Ber.,  1906,  39,  3184. 

3  Gazz.,  1905,  14,  ii.,  234;  Atti  R.  Accad.  Lincei,  1907,  [5],  16,  i.,  647; 
compare  Pellini  and  Meneghini,  Zeit.  anorg.  Chem.,  1908,  60,  178  ;  Tanatar, 
Ber.,  1909,  42,  1516;  Tubandt  and  Riedel,  ibid.,  1911,  44,  2565;  Zeit.  anorg. 
Chem.,  1911,  72,  219. 

<  Dufau,  Compt.  rend.,  1896,  123,  495. 

=  See  Zedaer,  Zeit.  Mektrochem.,  1905,  11,  809  ;  1906,  12,  463  ;  1907,  13, 
752;  Foerster,  *icZ.,  1907,13,  414;  1908,  14,  17;  Riesenfeld,  ibid.,  1906,12, 
621-  6  Compt.  rend.,  1903,  136,  229. 
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tetromde,  NiO^,  is  produced  by  the  electrolysis  at  70°  of  a  very 
dilute  solution  of  a  nickel  salt  containing  chromic  acid  and 
an  alkali  pyrophosphate. 

Nickel  and  the  Halogens. 

599  Nickel  Fluoride,  NiFg,  is  obtained  by  dissolving  the 
hydroxide  or  carbonate  in  hydrofluoric  acid  and  evaporating, 
when  blue-green  crystals  of  NiFg.SHjO  separate.^  These  are 
decomposed  by  boiling  water  with  formation  of  an  insoluble 
pale-green  oxyfluoride. 

The  anhydrous  fluoride  is  obtained  by  heating  the  chloride 
with  ammonium  fluoride  in  a  current  of  hydrogen  fluoride.^  It 
forms  volatile  green  prisms  of  specific  gravity  4'63,  which  are 
not  attacked  by  mineral  acids,  but  are  reduced  by  hydrogen. 

Nickel  fluoride  forms  double  salts  with  the  alkali  fluorides. 

Nickel  Chloride,  NiClg. — Finely  divided  nickel  burns  with  a 
bright  light  when  it  is  slightly  heated  in  dry  chlorine  gas,  form- 
ing yellow  scales  resembling  mosaic  gold.  If  a  solution  of  the 
oxide  or  carbonate  in  hydrochloric  acid  be  evaporated  to  dryness, 
the  anhydrous  chloride  is  obtained  as  a  yellow  earthy  mass 
which  dissolves  readily  in  water  with  evolution  of  heat.  On 
gently  heating  for  some  time  in  the  air  it  evolves  chlorine,  leaving 
a  residue  of  the  oxide.  In  absence  of  air,  on  the  other  hand, 
it  can  be  sublimed,  and  is  then  obtained  in  golden  scales  which, 
when  boiled  for  some  time  with  caustic  potash,  are  completely 
converted  into  the  hydroxide.  They  become  gradually  coloured 
green  on  exposure  to  the  air  owing  to  the  absorption  of  moisture, 
and  are  then  easily  soluble  in  water.  The  salt,  NiCl2,6H20, 
is  obtained  in  short  six-sided  prisms  on  concentrating  the  solu- 
tion; these  are  easily  soluble  in  water  and  in  alcohol.  The 
hexahydrate  is  stable  in  contact  with  its  saturated  solution  up 
to  about  10° ? 

The  anhydrous  chloride  absorbs  ammonia  at  the  ordinary 
temperature,  swelling  up  to  a  white  powder,  possessing  a  slightly 
violet  tinge,  and  having  the  composition  NiOlg.eNHg.  The 
same  compound  is  obtained  in  blue  octahedra  by  dissolving  the 
chloride  in  ammonia  and  allowing  the  solution  to  cool.  This 
salt  readily  evolves  ammonia  when  exposed  to  the  air.     It  is 

1  Compare  Costachesou,  Ann.  Sci.  Univ.  Jassy,  1911,  7,  5. 

2  Poulenc,  Compt.  rend.,  1892,  U4,  1426. 

3  Etard,  Ann.  Ghim.  Phys.,  1894,  [7],  2,  539. 
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easily  soluble  in  water,  but  less  so  in  strong  alcohol.      Similar 
compounds  are  formed  by  the  bromide  and  iodide. 

Nichel  Bromide,  NiBrg. — Finely  dividednickel  absorbs  bromine 
vapour  when  heated  in  it,  becoming  incandescent.  In  absence 
of  air,  the  bromide  sublimes  in  golden  scales  which  deliquesce  on 
exposure.  The  solution,  which  is  also  obtained  by  bringing  the 
metal  in  contact  with  bromine  and  water,  gives  on  evaporation 
deliquescent  needles  of  NiBr2,3H20. 

Nickel  Iodide,  Nilg. — ^If  nickel  powder  reduced  in  hydrogen 
be  heated  with  iodine,  or  if  the  hydroxide  be  dissolved  in  hydr- 
iodic  acid,  the  solution  evaporated  to  dryness  in  absence  of 
air,  and  the  solid  heated,  nickel  iodide  sublimes  in  iron-black 
scales.  The  solution  when  evaporated  to  a  syrup  deposits 
bluish-green,  very  deliquescent  prisms  having  the  composition 
Nil2,6H20. 

Nichel  Chlorate,  Ni(C103)2,  forms  three  hydrates  containing 
respectively,  6,  4,  and  2  molecules  of  water.^  The  perchlorate 
also  has-been  described. 

Nickel  lodate,  Ni(I03)3,  forms  a  tetrahydrate  and  two  di- 
hydrates.  The  tetrahydrate  loses  water,  iodine,  and  oxygen 
below  100°.2 

Nickel  and  Sulphur. 

6oo  Nichel  Monosulphide,  NiS,  occurs  as  millerite,  being  occa- 
sionally, found  in  brass-yellow  rhombohedra,  but  more  com- 
monly in  capillary  crystals.  When  nickel  and  sulphur  are 
heated  together  above  the  melting  point  of  the  latter,  this  same 
compound  is  formed  with  incandescence  as  a  bronze-yellow 
brittle  mass  which  is  not  soluble  in  hydrochloric  or  sulphuric 
acid,  but  dissolves  in  nitric  acid  and  aqua  regia.  The  black 
hydrated  sulphide  is  precipitated  when  ammonium  sulphide  is 
added  to  a  nickel  salt.  This  is  difficultly  soluble  in  hydro- 
chloric acid,  but  slightly  soluble  with  a  brownish  colour  in 
ammonia,  as  well  as  in  yellow  ammonium  sulphide  and 
other  alkaline  polysulphides ;  it  is  precipitated  from  these 
solutions  on  exposure  to  the  air,  or  on  addition  of  acetic  acid. 
In  the  moist  state  it  oxidises  readily  on  exposure  to  the  air. 
When  a  solution  of  a  nickel  salt  is  heated  with  sodium  thio- 
sulphate,  the  monosulphide  is  obtained  in  the  form  of  a  dense 
black  precipitate  which  does  not  undergo  alteration  on  exposure 

1  Meusser,  Ber.,  1902,  35,  14U.  2  Meusser,  Ber.,  1901,  34,  2432. 
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to  the  air,  and  which  is  not  acted  upon  by  boiling  hydrochloric 
acid. 

The  sulphide  is  not  precipitated  by  sulphuretted  hydrogen 
in  presence  of  dilute  hydrochloric  acid,  and  yet  the  precipitated 
sulphide,  when  obtained  from  an  alkaline  solution,  is  found  to 
be  insoluble  in  dilute  hydrochloric  acid.  It  appears  probable, 
therefore,  that  a  rapid  change  occurs  in  the  freshly  precipitated 
sulphide,  and  that  it  thus  passes  into  a  form  which  is  insoluble 
in  dilute  hydrochloric  acid.'- 

The  freezing  point  curve  for  mixtures  of  nickel  and  sulphur  ^ 
shows  that  the  only  compound  capable  of  existence  in  contact 
with  the  melt  is  NigSg,  melting  at  787°.  The  compounds  NiS, 
NigS^,  and  NiSg  also  exist,  but  dissociate  below  the  melting 
point. 

Nickel  Subsulphide,  Ni^S,  is  obtained  as  a  bronze-yellow,  non- 
crystalline mass  when  the  monosulphide  is  heated  in  the  electric 
furnace,  and  on  further  heating  loses  the  remainder  of  the 
sulphur  forming  metallic  nickel.^ 

Linnaeite,  (Ni,Co,Fe)3S4,  is  an  important  nickel  ore  occurring 
at  various  places  in  considerable  masses  (see  p.  1284). 

JSfickel  Scsquisulphide,  NigSg. — A  black  precipitate  having 
approximately  this  composition  is  obtained  by  acting  on  nickel 
carbonyl  with  sulphur  dissolved  in  carbon  disulphide.* 

Nickel  Disidphide,  NiSg,  is  obtained  as  an  impalpable  iron- 
grey  powder  by  strongly  heating  a  mixture  of  nickel  carbonate, 
potassium  carbonate,  and  sulphur,  the  residue  being  lixiviated 
with  water. 

Nickel  Sulphate,  NiSO^.— This  salt  was  first  obtained  in  the 
pure  and  crystalline  condition  in  1775  by  Bergman.  In  order 
to  prepare  it,  nickel  or  its  hydroxide  or  carbonate  is  dissolved 
in  dilute  sulphuric  acid.  The  evaporation  of  the  neutral 
solution  at  the  ordinary  temperature  yields  green  rhombic 
prisms  of  the  heptahydrate,  NiS04,7H20,  isomorphous  with 
magnesium  sulphate.  The  heptahydrate  is  known  also  as 
nickel  vitriol,  or  morenosite,  occurring  in  acicular  crystals,  and 
as  a  fibrous  efflorescence  on  certain  nickel  ores.  On  prolonged 
exposure  to  the  air  the  heptahydrate  changes  into  aggregates  of 
blue  tetragonal  crystals  of  the  hexahydrate.      This  latter  com- 

'  See  Thiel  and  Ohl,  Zeit.  anorg.  Chem.,  1909,  61,  396. 

2  Bornemann,  Metallurgie,  1908,  5,  13  ;  1910,  7,  667. 

3  Mourlot,  Compt.  rend.,  1897,  124,  768. 

■*  Dewar  and  Jonea,  Jonni.  Chem.  Soc,  19U4,  85,  211. 


1310  NICKEL 


pound  may  be  prepared  by  the  slow  evaporation  at  the  ordinary 
temperature  of  solutions  containing  30  per  cent,  sulphuric 
acid ;  it  is  stable  in  contact  with  its  saturated  solutions  between 
32°  and  53°.^  If  the  heptahydrate  or  the  blue  hexahydrate 
is  left  in  contact  with  the  saturated  solution  above  54°,  it  is 
converted  into  bright-green  raonoclinic  crystals,  which  have 
also  the  composition  NiS04,6H20.,  At  a  temperature  about 
118°  the  hexahydrate  is  transformed  into  the  dihydrate,  and 
if  heated  above  280°,  the  salt  loses  the  whole  of  its  water. 
One  hundred  parts  of  saturated  solution  contain  (Steele  and 
Johnson) : 

At        0°        15°        .SO"     44-7°      50°       60°        80°       99° 
NiSO^   21-4   25-5    29-8   32-4   33-4   35-4   38-7   43-4  parts. 

Various  basic  sulphates  have  been  described.^ 
The  anhydrous  sulphate  absorbs  ammonia,  becoming  strongly 
heated  and  increasing  in  bulk,  forming  a  violet-white  powder 
with  the  composition  NiSO^.eNHg.  On  dissolving  the  sul- 
phate in  strong  ammonia  and  cooling,  or  allowing  the  solution  to 
evaporate  over  sulphuric  acid,  transparent  dark-blue  tetragonal 
prisms  crystallise  out  having  the  composition  NiS04,4NH3,2H20. 
A  compound  of  the  formula  2NiSO4,10NH3,7H2O  has  also 
been  described. 

Nickel  Ammonium  Sulphate,  (NHJ^SO^.NiSO^.GHp.— This 
salt  is  employed  in  the  process  of  nickel-plating.  It  is  obtained 
by  dissolving  nickel,  free  from  iron  and  copper,  in  dilute, 
sulphuric  acid,  and  adding  ammonium  sulphate  to  the  concen- 
trated acid  solution.  The  crystalline  paste  which  is  deposited 
is  washed  with  cold  water  and  purified  by  recrystallisation. 
It  crystallises  in  short  monoclinic  prisms.  One  hundred  parts 
of  water  dissolve  (Link)  : 

At        3-5°    16°    20°    30°     40°      50°        68°      85' 

(NHJ^SO^.NiSO,    1-8  5-8  5-9  8'3  11-5  14-4  18-8  28-6    parts. 

The  salt  is  almost  insoluble  in  an  acidified  solution  of 
ammonium  sulphate  (Thomson).  Many  other  double  salts  are 
known. 

1  Steele  and  Johnson,  Joum.  Ohem.  Soc,  1904,  85,  113. 
'  Pickering,  Jourji.  Ohem.  Soc,  1907,  91,  1985. 
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Nickel  and  the  Elements  of  the  Nitrogen  Group, 
AND  Boron. 

601  Nickel  Nitride  is  obtained  by  the  action  of  excess  of 
ammonia  on  metallic  nickel  at  400-600°,  and  forms  a  black 
powder,  which  readily  dissolves  in  dilute  sulphuric  and  hydro- 
chloric acids.^  The  composition  of  the  product  is  intermediate 
between  those  corresponding  to  the  formulae  NigN  and  Ni^Ng. 

Nitronickel,  Ni2(N02),  is  formed  as  a  black  mass  mixed  with 
oxide  when  nitrogen  peroxide  is  passed  over  reduced  nickel, 
and  in  its  properties  resembles  the  corresponding  cobalt  com- 
pound (p.  1286).2 

Nickel  Nitrite,  Ni(N02)2,  i^  obtained  in  solution  by  the  de- 
composition of  the.  sulphate  with  barium  nitrite.  It  is  a  very 
unstable  compound,  but  forms  with  potassium  nitrite  the  easily 
soluble  double  salt,  4KN02,Ni(N02).2.  This  is  obtained  in 
brownish-red  octahedra  by  mixing  a  concentrated  solution  of  the 
nitrite  with  an  excess  of  potassium  nitrite.  When  potassium 
nitrite  is  added  to  a  nickel  solution  containing  a  calcium  salt, 
a  yellow  crystalline  precipitate  of  2KN02,Ca(N02)2,Ni(N02)2 
is  formed,  which  possesses  great  similarity  to  potassium 
cobaltinitrite  (see  p.  1286),  and  if  a  solution  contain  a 
sufficient  quantity  of  calcium  together  with  nickel  and  cobalt, 
the  whole  of  the  nickel,  as  well  as  the  cobalt,  may  be  thrown 
down  by  potassium  nitrite.  This  fact  must  be  remembered  in 
the  separation  of  the  two  metals. 

Nickel  Nitrate,  Ni(N03)2,6H20,  crystallises  in  green  mono- 
clinic  tablets  which  dissolve  in  two  parts  of  cold  water  and 
in  alcohol,  and  effloresce  on  exposure  to  dry  air,  deliquescing 
however,  in  moist  air.  Hydrates  with  3H2O  and  OHgO  have 
also  been  obtained.^  Anhydrous  nickel  nitrate  is  a  pale 
greenish -yellow  powder,  which  begins  to  evolve  nitrous  fumes  at 
105-110°.* 

Nickel  Phosphides.— When  nickel  and  phosphorus  are  heated 
in  the  electric  furnace  the  compound  Ni2P  is  obtained  m 
transparent  grey  needles  of  sp.  gr.  6-3,^  insoluble  in  all  acids 
except  a  mixture  of  nitric  and  hydrofluoric  acids.    A  phosphide 

1  Beilby  and  Henderson,  Journ.  Chem.  Soc,  1901,  79,  1251. 

2  Sabatier  and  Senderens,  Bull.  Soc.  Mm.,  1893,  [3],  9,  669. 

3  Funk,  Zeit.  anorg.  Chem.,  1899,  20,  409. 

'  Guntz  and  Martin,  Bull.  Soc.  chim.,  1909,  5,  1004. 
=  Maronneau.  Compt.  rend.,  1900,  130,  656. 
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of  the  same  composition  is  prepared  in  the  wet  way  as  a  black 
precipitate  by  adding  nickel  chloride  to  a  boiling  solution  of 
potash  containing  some  .phosphorus  and  tartaric  acid.  Com- 
pounds of  the  formulae  PjNig,  P^Nig,  PgNig,  PNig,  P^Ni,  PgNi, 
have  also  been  described.^ 

Nickel  Arsenides. — These  two  elements  fuse  together  readily 
to  form  brittle  alloys,  some  of  which  occur  as  minerals.  Of 
these  the  most  important  is  kupfer-nickel,  niccolite,  or  nickeline, 
NiAs,  which  is  found  massive,  and  also,  although  less  frequently, 
crystallised  in  hexagonal  pyramids.  It  has  a  light  copper-red 
colour,  and  is  an  important  ore  of  nickel,  being  found  in  various 
localities  in  Europe  and  America.  Chloanthite,  (Ni,Co,Fe)As2, 
is  another  nickel  arsenide  occurring  together  with  the  preceding. 
The  study  of  the  freezing  point  curve  for  mixtures  of  nickel 
and  arsenic  indicates  the  existence  of  the  compounds  NiAs, 
NigAsj,  and  NijAsj.^ 

The  Phosphates  of  Nickel  are  insoluble  in  water,  and  more  or 
less  soluble  in  the  mineral  acids.  The  arsenates  possess  similar 
properties,  and  some  of  them  occur  in  the  mineral  kingdom. 

Nickel  Boride,  NiB,  is  prepared  in  the  electric  furnace 
from  its  constituents,  and  forms  brilliant  prisms  of  specific 
gravity  7-39.  It  is  decomposed  by  fused  alkalis  and  by  water 
vapour  at  a  dull  red  heat.^  The  compounds  NijB  and  NiBg 
have  also  been  described.* 


Nickel  and  the  Elements  of  the  Caebon  Group. 

602  Nickel  Tetracarhonyl,  Ni(CO)^. — When  carbon  monoxide 
is  passed  over  metallic  nickel  at  about  350-400°,  carbon  dioxide 
is  formed  and  carbon  liberated,  but  at  a  lower  temperature 
the  metal  unites  with  carbon  monoxide  to  form  nickel  tetra- 
carhonyl. This  substance  is  best  prepared  by  reducing  nickel 
oxide  in  hydrogen  at  about  400°  in  a  combustion  tube,  allowing 
it  to  cool  to  30-80°,  and  then  passing  carbon  monoxide  over 
the  reduced  metal.      When   the   issuing  gas   is   cooled   with 

'  See  Granger,  Gompt.  rend.,  1896,  122,  1484 ;  1896,  123,  176 ;  Konstanti- 
noff,  J.  Russ.  Phys.  Ohem.  Soc,  1908,  40,  742  ;  Jolibois,  Compt.  rend.,  1910, 
150,  106. 

2  Friedrich  and  Bennig.son,  Metallurgie,  1907,  4,  200.  Compare  Vigouroux, 
Gompt.  rend.,  1908,  147,  426. 

^  Moissan,  Gompt.  rend.,  1896,  122,  424. 

*  Biuet  du  Jassonneix,  Gompt.  rend.,  1907,  145,  240. 
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salt  and  ice  it  deposits  the  nickel  carbonyl,  the  excess  of  the 
gas  being  repeatedly  passed  over  the  nickel  until  no  more  of 
the  compound  is  formed.  The  metal  is  then  again  heated  in 
hydrogen  at  400°,  cooled,  and  treated  with  carbon  monoxide, 
the  whole  process  being  repeated  as  often  as  desired ;  about 
10-15  grams  are  obtained  at  each  operation.^  If  carbon 
monoxide  under  high  pressure  is  employed,  the  nickel  may  be 
heated  much  more  strongly.^  Thus  under  100  atmospheres  the 
nickel  carbonyl  produced  is  not  decomposed  even  at  250°. 

Nickel  tetracarbonyl  is  a  colourless  liquid,  having  a  specific 
•gravity  of  1-3185  at  17°;  it  boils  at  43-2°  under  760  mm. 
pressure,  and  solidifies  at  -  25°,  forming  needle-shaped  crystals. 
It  has  the  normal  vapour  density  of  6-01  at  50°,  but  explodes 
at  60°,  some  carbon  dioxide  being  formed  and  carbon  liberated. 
When  diluted  with  an  inert  gas  the  vapour  does  not  ex- 
plode, and  undergoes  decomposition  less  readily  ;  ^  with  carbon 
monoxide  as  diluent  it  has  nearly  the  normal  vapour  density  at 
100°,  and  dissociation  is  not  complete  at  182°.  When  gas  con- 
taining the  vapour  is  passed  through  a  heated  tube,  pure  metallic 
nickel  is  deposited  with  liberation  of  carbon  monoxide. 

It  is  soluble  in  alcohol,  benzene,  chloroform,  and  carbon  tetra- 
chloride, and  is  not  acted  on  by  dilute  aqueous  acids  or  alkalis. 
It  is  not  decomposed  by  water  free  from  air,  but  dissolves  to  the 
extent  of  18  mgm.  per  100  grams  of  water  at  9'8° ;  dissocia- 
tion into  nickel  and  carbon  monoxide  takes  place  slowly  when 
the  solution  is  preserved.  In  the  presence  of  air  it  undergoes 
oxidation,  nickel  hydroxide  being  formed  together  with  a  white 
compound  of  unknown  constitution  containing  carbon,*  which  may 
possibly  be  a  basic  carbonate.^  It  is  rapidly  decomposed  by  the 
halogens,  yielding  carbon  monoxide  and  the  nickel  halide ;  con- 
centrated sulphuric  acid  converts  it  into  nickel  sulphate  with 
evolution  of  hydrogen  and  carbon  monoxide,  and  it  is  rapidly 
oxidised  by  dry  concentrated  nitric  acid.  Dry  hydrogen  chloride 
and  bromide  attack  it  only  very  slowly,  but  dry  hydrogen  iodide 
yields  nickel  iodide,  hydrogen,  and  carbon  monoxide.  With 
sulphur  dissolved  in  carbon  disulphide  a  sulphide  having  approxi- 
mately the  composition  NigSg  is  formed,  whilst  sulphuretted 

'  Mond,  Langer,  and  Quincke,  Joura.  Ghem.  Soc,  1890,  57,  749. 
■'■  Dewar,  Journ.  Chem.  Soc,  1904,  86,  ii,  488. 
'  Dewar  and  Jones,  Proc.  Boy.  Soc,  190,3,  71,  427. 
-  Berthelot,  Compt.  rend.,  1891,  112,  1343;  113,  679. 
'  Armit,  Journ.  Hygiene,  1907,  7,  ^J25. 
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hydrogen  yields  nickel  monosulphide.^  When  nickel  carbonyl 
and  thiocarbonyl  chloride  are  allowed  to  react,  carbon  monosul- 
phide,  or  a  polymeride  of  this  substance,  is  produced.^  As 
already  mentioned  (p.  1300),  the  formation  and  subsequent 
decomposition  of  nickel  carbonyl  is  made  use  of  on  the  large 
scale  in  the  Mond  process  for  extracting  nickel  from  its 
ores. 

The  vapour  of  nickel  tetracarbonyl  has  a  very  poisonous 
action.  When  inhaled  in  small  quantities  it  produces  toxic 
symptoms  of  a  very  definite  type.  The  lethal  dose  for  men  is 
unknown,  but  for  animals  (rabbits,  dogs,  cats,  etc.)  it  varies 
between  O'OIS  and  G'04  volume  per  cent,  of  the  vapour  in  air, 
inhaled  for  65  to  90  minutes.  The  substance  is  decomposed  in 
the  lungs  into  carbon  monoxide  and  a  nickel  compound,  which 
is  possibly  the  hydrated  basic  carbonate.  The  carbon  monoxide 
available  is  not  sufficient  to  produce  any  symptoms,  and  the 
toxic  effect  is  entirely  due  to  the  nickel  content.  ^ 

Nickel  Carbonate,  NiOOj,  is  obtained  in  the  form  of  pale- 
green,  microscopic  rhombohedra,  by  heating  nickel  chloride 
solution  with  calcium  carbonate  to  150°.  When  a  nickel 
nitrate  solution  is  mixed  with  a  solution  of  sodium  bicarbonate 
saturated  with  carbon  dioxide,  and  this  is  allowed  to  stand  at  a 
low  winter  temperature,  microscopic  monoclinic  crystals  of 
NiCOg.GHjO  are  formed,  which  lose  their  water  readily  on 
warming.  When  a  nickel  solution  is  precipitated  with  an  alkali 
carbonate,  basic  salts  of  varying  composition  are  thrown  down 
in  the  form  of  pale-green  precipitates. 

Nickel  Cyanide,  Ni(CN)2,  is  an  apple-green  precipitate  easily 
soluble  in  an  excess  of  potassium  cyanide  with  formation  of  the 
crystalline  double  salt,  Ni(CN)2,2KCN.  This  is  again  de- 
composed by  dilute  acids  with  separation  of  nickel  cyanide. 
No  stable  salts  corresponding  to  the  ferro-  and  ferri -cyanides 
are  formed. 

Niclcel  suicide,  NijSi,  is  obtained  by  heating  an  excess  of 
nickel  with  silicon  in  the  electric  furnace  until  the  greater 
part  of  the  metal  has  been  volatilised,  and  then  treating  the 
residue  with  dilute  nitric  acid.  It  is  a  steel-grey,  crystalline 
powder  with  a  metallic  appearance,  and  has  the  specific  gravity 
7-2.     It  is  readily  attacked  by  fluorine,  and  dissolves  in  hydro- 

1  Dewar  and  Jones,  Journ.  Ohem.  Soc,  1904,  85,  203. 
^  Dewar  and  Jones,  Proc.  Boy.  Soc,  A,  1910,  83,  408. 
s  Armit,  Journ.  Hygiene,  1907,  7,  525  ;  1908,  8,  565. 
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fluoric  acid  and  in  aqua  regia.^  The  method  of  thermal  analysis, 
controlled  by  microscopic  observations,  indicates  the  exist- 
ence of  the  following  compounds  of  nickel  and  silicon : 
NigSi,  NigSi,  NigSia,  NiSi,  and  Ni^Sig.^ 

The  Nickel  Silicates  occur  in  nature.  Rewdanskite  occurs  at 
Rewdansk  in  the  Urals,  and  is  worked  for  nickel.  It  is  an 
earthy  mineral  which  consists  chiefly  of  (Ni,Fe,Mg)3Si207,2H20, 
and  contains  about  18  per  cent,  of  nickel.  Garnierite, 
2(Ni,Mg)5Si40j3,3H20,  occurs  in  New  Caledonia,  and  is  now 
largely  worked  up  for  nickel  in  France.  It  contains  24  per 
cent,  of  nickel  (Liversidge). 

The  orthosilicate,  NigSiO^,  is  formed  in  greenish-yellow  crystals 
when  the  oxide  and  chloride  are  heated  with  amorphous  silica.^ 

Detection  and  Estimation  of  Nickel. 

603  Nickel  compounds  behave  in  a  similar  manner  to  those 
of  iron  and  cobalt  when  heated  with  reducing  agents  before  the 
blowpipe.  An  infusible  magnetic  powder  is  produced,  and 
when  this  is  dissolved  in  a  drop  or  two  of  dilute  nitric  acid  and 
evaporated  to  complete  dryness,  a  characteristic  green  stain 
is  obtained  which  becomes  yellow  on  further  heating.  Nickel 
compounds,  moreover,  colour  the  borax  bead  a  brownish- 
yellow  in  the  oxidising  flame,  the  bead  becoming  grey  and 
opaque  in  the  reducing  flame  owing  to  the  separation  of 
metallic  nickel. 

Nickel  is  very  readily  detected  with  the  aid  of  certain  organic 
reagents.  Thus  when  a-diraethylglyoxime,  [(CH3)C:N.OH]2, 
is  added  to  a  solution  of  a  nickel  salt  containing  excess  of 
ammonia  or  of  sodium  acetate,  a  scarlet  precipitate  separates, 
one  part  of  nickel  in  400,000  parts  of  water  being  capable  of 
detection  in  this  manner.*  Cobalt  does  not  give  a  precipitate 
with  this  reagent,  nor  does  it  interfere  with  the  reaction  unless' 
present  in  very  large  excess.  This  reaction  may  also  be  em- 
ployed for  the  quantitative  estimation  of  nickel,^  and,  indeed, 
permits  the  complete  separation  of  this  metal  from  all  other 
metals  belonging  to  the  same  analytical  group.     When  dicyano- 

1  Vigouroux,  Cornet,  rend.,  1895,  121,  686;  1906,  142,  1270. 

2  Guertler  and  Tammann,  Zeit.  anorg.  Chefn.,  1906,  49,  9.3. 

'  Bourgeois,  <7omp<.  re?id.,  1889,  108,  1177.  .,    „-„    t>        i 

'  Tschugaeff,  Btr.,  1905,  38,  2520,  Gompt.  rend.,  1907,  145,  679;  Brunck, 
Zeit.  angew.  Chem.,  1907,  20,  834,  1835. 
'  Loc.  cit. ;  see  also  Armit,  and  Harden,  Proc.  Roy  Soc,  1906,  B,  77,  4Ji. 
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diamide,  CjN^H^,  and  then  caustic  potash  are  added  to  a 
solution  of  a  nickel  salt  previously  acidified  with  hydrochloric 
acid,  a  dense  yellow  precipitate  is  produced  of  nickel  dicyano- 
diamidine,  Ni(C2N^H50)2,2H20,  which  becomes  flesh-coloured 
when  heated.  In  dilute  solutions  the  precipitate  forms  only 
on  boiling  or  standing.^ 

The  nickel  compounds  in  general  give  no  flame  spectrum, 
but  the  acetate  when  moistened  with  hydrochloric  acid  gives 
first  a  transient  purple,  followed  by  a  more  permanent  deep-red 
colour,  the  production  of  the  colour  taking  place  in  the  inner 
cone  of  the  flame.^  The  chloride  yields  a  characteristic  spark 
spectrum,  and  the  spectrum  of  the  metal  also  contains  many 
lines,  of  which  a  few  of  the  brightest  are  5893  in  the  orange, 
and  4874,  4866,  and  4856  in  the  green-blue. 

Nickel  is  precipitated  in  alkaline  solution  by  ammonium 
sulphide  along  with  the  other  metals  of  the  iron  group,  from 
all  of  which  except  cobalt  it  can  be  separated  by  treating  the 
precipitate  with  dilute  hydrochloric  acid,  in  which  the  sul- 
phides of  these  two  metals  are  almost  insoluble.  A  character- 
istic property  of  nickel  sulphide  is  that  it  dissolves  slightly 
in  yellow  ammonium  sulphide,  forming  a  dark-coloured 
solution. 

The  best  method  for  the  qualitative  detection  of  nickel  and 
cobalt  is  based  on  Liebig's  method  for  their  estimation  (see 
below).  For  this  purpose  the  sulphides  are  dissolved  in  con- 
centrated hydrochloric  acid  with  the  addition  of  a  crystal  of 
potassium  chlorate,  and  the  solution  evaporated  nearly  to  dry- 
ness and  afterwards  diluted  with  water.  Potassium  cyanide  is 
then  added  until  the  precipitated  cyanides  re-dissolve,  a  drop  of 
acetic  acid  is  added  and  the  liquid  boiled  for  a  few  minutes. 
The  solution  then  contains  potassium  cobalticyanide  and  potass- 
ium nickel  cyanide.  The  latter  is  at  once  decomposed  by 
sodium  hypochlorite  in  alkaline  solution,  whereas  the  former  is 
not  attacked  by  this  reagent.  The  solution  is  therefore  made 
alkaline  with  caustic  soda  and  boiled  with  sodium  hypochlorite, 
when  the  nickel  is  precipitated  as  the  black  trihydroxide, 
which  may  be  filtered  off,  washed,  and  tested  by  the  borax  bead, 
whilst  the  cobalt  can  be  detected  in  the  filtrate  by  evaporating, 
and  testing  the  residue  by  one  of  the  dry  reactions. 

1  Grossmann  and  Schiick,  Ber.,  1906,  39,  3356;  Chem.  Ztit.,  1907,  31,  335, 
911. 


2  Hartog,  British  Assoc.  R^orts,  1901,  613. 
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Cobalt  is  much  more  readily  precipitated  in  the  form  of 
sesquioxide  than  nickel,  a  fact  which  is  made  use  of  in  the 
commercial  separation  of  the  two.  This  reaction  can  also  be 
used  for  the  qualitative  and  quantitative  separation  of  nickel 
and  cobalt.  When  bromine  water  is  added  to  a  cold  neutral 
solution  of  the  two  metals,  the  cobalt  is  rapidly  precipitated  as 
the  sesquioxide,  whilst  the  nickel  remains  in  solution.^ 

Numerous  methods,  both  gravimetric  and  volumetric,  have 
been  proposed  for  the  quantitative  separation  and  estimation  of 
nickel  and  cobalt.  In  addition  to  the  dimethylglyoxime  and 
dicyanodiamide  processes,  already  referred  to,  the  three  follow- 
ing gravimetric  methods  may  be  described.^ 

Liebig's  hydrocyanic  acid  method^  may  be  applied  to  the 
quantitative  separation  of  the  metals  substantially  in  the  form 
which  has  been  described  above.  The  solution  containing 
potassium  cobalti cyanide  and  potassium  nickel  cyanide  may  be 
treated  with  caustic  soda  and  sodium  hypochlorite  as  there  de- 
scribed, or  may  be  boiled  with  precipitated  mercuric  oxide, 
the  whole  of  the  nickel  being  precipitated  as  a  mixture  of 
oxides,  which  after  ignition  may  be  weighed  as  nickel  mon- 
oxide. The  filtrate  is  acidified  with  nitric  acid,  and  mercnrous 
nitrate  added  in  excess.  Mercurous  cobalticyanide  is  precipitated 
and  is  converted  by  ignition  into  tricobalt  tetroxide.  Both  in 
this  and  the  succeeding  methods  one  of  the  metals  is  frequently 
estimated  indirectly.  The  two  are  precipitated  together  by 
caustic  soda  from  a  known  volume  of  solution,  and  the  mixed 
oxides  weighed,  the  amount  of  one  of  the  metals  being  then 
found  by  difference. 

Another  separation  of  nickel  from  cobalt  depends  upon  the 
precipitation  of  potassium  cobaltinitrite  (see  p.  1286).  This  is 
dried  at  100°  and  weighed,  and  the  nickel  in  the  filtrate  is  pre- 
cipitated by  caustic  potash,  the  precipitate  boiled,  well  washed, 
and  converted  by  ignition  into  the  monoxide. 

A  very  accurate  method  depends  on  the  fact  that  nitroso-^- 
naphthol,  CioH6(OH)NO,  yields  an  insoluble  compound  with 
cobalt  salts,  but  not  with  those  of  nickel.*  The  solution  is  there- 
fore acidified  with   hydrochloric  acid,  and   a   solution  of  this 

1  Taylor,  Mem.  Manch.  Phil.  Soc,  1902,  46,  No.  IK 
"  Compare  Zeit.  anal.  Chem.,  1891,  30,  227. 

2  Annalen,  1853,  87,  128.  ^,         „ 

'  Ilinski  and  Knorre,  Ber.,  1885,  18,  699;  Chapin,  /.  Amer.  Chem.  boc, 

1907,  29,  1029. 
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reagent  in  acetic  acid  added.  A  very  voluminous  precipitate  is 
formed,  which  is  well  washed  and  then  ignited  with  a  little 
oxalic  acid,  the  cobalt  being  finally  heated  in  hydrogen  and 
weighed. 

The  Atomic  Weight  of  nickel  has  been  frequently  determined. 
Of  the  older  determinations,  the  most  important  are  those  of 
Russell,^  Schneider,^  Dumas,^  Zimmermann,*  and  Winkler.^  More 
recent  and  accurate  determinations  were  made  by  Richards  and 
Cushman,®  who  deduced  the  value  58'69  from  the  amount  of 
silver  required  to  precipitate  the  bromine  in  pure  nickel  bromide, 
and  the  value  58'71  from  the  weight  of  nickel  produced  by  the 
reduction  of  the  same  compound  in  hydrogen.  The  value  now 
adopted  (1913)  is  58-68. 

The  statement  made  by  Krliss  and  Schmidt '  that  ordinary 
pure  nickel  contains  another  element  of  higher  atomic  weight 
has  not  been  confirmed. 


SUB-GEOUP  (6).     THE   RUTHENIUM   GROUP. 
Ruthenium.  Rhodium.  Palladium. 

604  The  three  metals  of  this  group  all  have  a  silvery 
lustre,  and  combine  with  oxygen  at  high  temperatures 
rather  more  readily  than  the  members  of  the  platinum 
group;  they  also  melt  at  a  lower  temperature.  The  salts 
of  ruthenium  and  rhodium  correspond  to  the  sesquioxide, 
MgOj,  whilst  palladium  forms  two  series  of  salts  corre- 
sponding to  the  monoxide  and  dioxide,  the  former  being  the 
more  stable.  In  addition,  ruthenium  yields  salts  of  the  acidic 
oxides  RuOg  and  RugOj,  and  also,  unlike  tbe  other  two,  forms 
a  tetroxide,  RuO^. 

All  three  metals  give  rise  to  series  of  ammoniacal  bases,  the 
properties  and  composition  of  which  differ,  however,  in  each 
case.     The  ruthenium  bases  all  contain  the  nitroso-group,  NO, 

'  Journ.  Chem.  Soc,  1863,  16,  58;  ibid.,  1869,  22,  294. 
2  Pogg.  Ann.,  1857,  101,  387. 

■''  Ann.  Ghim.  Phys.,  1859,  [3],  55,  129.      "  AnnaUn,  1885,  232,  324. 
=  Zeit.  anal.  Chem.,  1867,  6,  22;  Zeit.  anorg.  Chem.,  1893,  4,  10,  462  ;  1895, 
8,],  291. 
«  Zeit.  anorg.  Chem.,  1898,  16,  167  ;  1899,  20,  352. 
'  Zeit.  anorg.  Chem.,  1892,  2,  235. 
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in  addition  to  ammonia ;  those  of  rhodium  closely  resemble  the 
cobalt  derivatives,  and  those  of  palladium  correspond  to  two  of 
the  series  yielded  by  platinum. 


RUTHENIUM.     Ru  =  ioi-7. 

605  In  1828  Osann  ^  stated  that  he  had  discovered  three 
new  metals  in  the  platinum  ores  from  the  Ural.  To  one  of 
these  he  gave  the  name  of  ruthenium,  from  the  name  of  Eussia, 
the  country  in  which  it  was  found.  In  the  following  year,  how- 
ever, he  withdrew  the  statement  of  the  existence  of  one  of  the 
metals,  and  the  existence  of  the  other  two  remained  doubtful 
until  Glaus,  in  1845,  examined  the  question.  This  chemist 
proved  the  existence  of  a  new  metal  in  the  platinum  ore,  and 
retained  for  it  the  name  of  ruthenium  because  it  was  found 
to  be  contained  in  small  quantity  in  the  substance  termed 
ruthenium  oxide  by  Osann,  which  for  the  most  part  consisted 
of  silica,  zirconia,  and  the  oxides  of  titanium  and  iron.  Glaus 
investigated  the  reactions  of  the  metal  and  a  large  number  of 
its  derivatives.^ 

Ruthenium  is  found  both  in  platinum  ore  and  in  osmiridium, 
whilst  it  occurs  as  sulphide  in  laurite,  Ru2S3.^ 

Of  the  various  methods  of  preparing  the  metal,  that  of 
Deville  and  Debray  *  is  the  most  interesting,  as  these  chemists 
obtained  it  on  a  large  scale,  and  specially  studied  its  physical 
properties.  For  this  purpose,  the  alloy  of  osmiridium  (p. 
1361)  containing  ruthenium  is  fused  with  zinc,  the  regulus 
then  treated  with  hydrochloric  acid,  and  one  part  of  the  finely- 
divided  residue  mixed  with  three  parts  of  barium  peroxide  and 
one  part  of  barium  nitrate,  the  mixture  being  heated  for  two 
hours  to  a  temperature  somewhat  below  the  melting  pomt  of 
silver.  The  cold  mass  is  then  reduced  to  an  impalpable  powder 
and  thrown  into  dilute  hydrochloric  acid  contained  in  a  stop- 
pered bottle.  In  this  operation  the  liquid  must  be  kept  well 
cooled  in  order  to  prevent  the  escape  of  the  poisonous  vapours  of 
osmium  tetroxide,  and  the  operation  must  be  carried  on  m  a 

'  Pogg.  Ann.,  1828,  14,  329;  1845,  64,  197. 

»  Annalen,  1845,  56,  257  ;  1846,  59,  234 ;  Pogg.  Ann.,  1845,  64,  b^^ ;  00, 
200;  Jahresb.,  1859,  257;  I860,  205;  1861,  320;  1863,  397. 
3  Wijhler,  Annalen,  1864,  129,  116. 
'  Deville  and  Debray,  Compt.  rend.,  1876,  83,  926 ;  1879,  89,  587. 
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good  draught.  As  soon  as  the  action  is  over,  one  part  of 
nitric  acid  and  two  parts  of  sulphuric  acid  are  added  to  the 
liquid,  the  mixture  well  shaken,  the  barium  sulphate  allowed  to 
deposit,  and  the  clear  liquid  poured  off.  The  residue  is  washed 
by  decantation,  and  the  liquid  distilled  until  three-fourths  of  it 
have  passed  over.  The  distillate  is  worked  up  for  osmium, 
whilst  the  concentrated  residue,  mixed  with  from  two  to  three 
parts  of  ammonium  chloride  and  a  small  quantity  of  nitric  acid, 
is  dried  on  the  water  bath.  The  residue  is  then  washed  with 
water  which  is  half  saturated  with  ammonium  chloride,  until 
the  filtrate  is  colourless.  By  this  treatment  ammonium  iridi- 
chloride,  containing  some  ruthenium,  remains  behind.  This  is 
ignited,  and  the  remaining  spongy  metallic  -mass  fused  for  two 
hours  in  a  silver  basin  with  two  parts  of  nitre  and  one  part  of 
caustic  potash.  The  fused  mass  is  then  dissolved  in  water,  and 
the  characteristic  orange-red  solution  of  potassium  ruthenate 
treated  with  nitric  acid  until  the  yellow  colour  has  disappeared, 
when  ruthenium  oxide  separates  out ;  this,  however,  still  con- 
tains silicic  acid,  with  some  iridium  and  osmium,  and  is  then 
ignited  in  a  graphite  crucible  and  fused  in  the  oxy-hydrogen 
furnace. 

Another  plan  for  preparing  chemically  pure  ruthenium 
depends  upon  the  fact  that  whilst  osmium  tetroxide  is  vola- 
tilised in  a  stream  of  air,  the  corresponding  volatile  tetroxide 
of  ruthenium  is  only  formed  by  the  action  of  chlorine  in 
alkaline  ruthenium  solution.  Hence  the  metal,  as  obtained 
by  other  processes,  must  be  heated  in  a  current  of  oxygen  until 
the  whole  of  the  osmium  tetroxide  has  been  volatilised  and  then 
fused  a  second  time  with  potash  and  saltpetre,  the  mass  dis- 
solved in  water,  saturated  with  chlorine,  and  distilled  in  a 
stream  of  chlorine  on  the  water  bath,  when  pure  ruthenium 
tetroxide  volatilises.  This  is  then  dissolved  in  caustic  potash  or 
in  water,  reduced  by  alcohol,  and  the  black  precipitate  converted 
into  metal  by  ignition  in  a  stream  of  pure  hydrogen.^ 

In  order  to  obtain  the  metal  in  the  crystalline  state  it  may 
be  fused  in  a  carbon  crucible  with  from  five  to  six  times  its 
weight  of  tin,  the  alloy  being  treated  with  boiling  hydrochloric 
acid  which  leaves  the  compound  EuSng  undissolved ;  this  when 
Ignited  in  a  carbon  boat  in  a  current  of  hydrogen  chloride 
leaves  a  residue  of  crystallised  ruthenium. 

Fused  ruthenium  has  a  specific  gravity  of  12-063  at  0°;  like 
^  See  Gutbier  and  Trenkner,  Zeit.  anorg.  Ghem.,  1905,  45,  166. 
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iridium,  it  is  hard  and  brittle,  and  next  to  osmium  is  the  most 
infusible  metal  of  the  group.  It  can,  however,  be  fused  in  the 
oxy-hydrogen  flamed  and  distilled  in  the  electric  furnace. ^ 
With  the  exception  of  osmium,  it  is  also  the  one  which 
combines  most  readily  with  oxygen,  the  fused  metal  becoming 
covered  with  a  brown  film  in  the  air,  and  on  cooling  it  "  spits  " 
like  silver  and  iridium.  When  heated  in  a  current  of  oxygen 
it  yields  the  dioxide,  and  at  temperatures  of  about  1000°  some 
tetroxide  also  is  formed,  although  this  substance  decomposes 
when  heated  by  itself  at  107°.^  The  pure  metal  is  scarcely 
attacked  even  by  aqua  regia,  but  it  combines  with  chlorine  at 
a  red  heat. 


RUTHENIUM  COMPOUNDS. 

RlTTHENIDM    AND    OxYGEN. 

606  Ruthenium  forms  the  oxides  RujOg,  RuOg,  and  RuO^, 
and,  in  addition,  salts  corresponding  to  the  acidic  oxides  RuOg 
and  RugO^  have  been  prepared.  Oxides  of  the  formulae 
RuO,  RU2O5,  and  Ru^Og  have  also  been  described,  but,  according 
to  Gutbier  and  Ransohoif,*  these  do  not  exist. 

Ruthenium  Sesquioxide,  RugOg.  —  When  finely  divided 
ruthenium  is  heated  in  the  air  it  combines  with  27  per  cent,  of 
its  weight  of  oxygen,  forming  a  blue  powder  which  is  insoluble 
in  acids.  This  was  regarded  by  Glaus  as  the  sesquioxide,  but 
is  more  probably  a  mixture  of  the  dioxide  and  metal  (Gutbier 
and  Ransohoff).  The  sesquioxide  can  be  obtained,  containing 
a  trace  of  alkali,  by  heating  the  trihydroxide  in  dry  carbon 
dioxide,  and  forms  a  black,  scaly  mass. 

Ruthenium  Trihydroxide,'Ru(OH.\,is  obtained  by  precipitating 
the  corresponding  chloride  with  an  alkali.  It  forms  a  blackish- 
brown  precipitate,  which  even  after  washing  with  very  dilute 
hydrochloric  acid  retains  a  trace  of  alkali.  It  dissolves  with  a 
yellow  colour  in  acids,  but  is  insoluble  in  water  and  alkalis. 

The  chief  ruthenium  salts  are  derived  from  the  sesquioxide, 
and  of  these  only  a  few  of  the  halogen  compounds  are  well  known. 
The  chloride  and  its  double  salts  dissolve  in  water,  forming 

1  Mylius  and  Dietz,  Ber.,  1898,  31,  3187. 

2  Moissan,  Gompt.  rend.,  1906,  142,  189. 

3  Debray  and  Joly,  Compt.  rend.,  1888,  106,  100. 

<  Zeit.  anorg.  Ghent.,  1905,  45,  243,  where  the  literature  is  quoted. 
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reddish-yellow  solutions,  which  deposit  on  standing,  slowly 
in  the  cold  but  quickly  when  warmed,  a  black,  very  finely 
divided  precipitate  of  oxychloride.  This  reaction  is  so 
delicate  that  one  part  of  the  metal  imparts  a  distinct  ink-like 
colour  to  100,000  parts  of  water. 

Buthenium  Dioxide,  RuOg. — This  oxide  is  obtained  by  roasting 
the  disulphide  or  sulphate  in  contact  with  air.  It  is  likewise 
formed  when  the  metal  is  fused  in  an  oxidising  atmosphere, 
when  it  burns  with  a  sparkling  smoky  flame,  and  evolves  an 
ozone-like  smell.  Hence  this  compound  can  be  easily  obtained 
from  the  ruthenium  contained  in  the  osmiridium  alloy,  which 
may  for  this  purpose  be  heated  in  a  porcelain  tube  to  the 
melting  point  of  copper,  in  a  current  of  pure  air,  from  which  all 
organic  substance  has  previously  been  carefully  separated.  The 
ruthenium  dioxide  is  carried  forward  by  the  osmium  tetroxide 
formed  at  the  same  time,  and  deposited  in  the  cold  part  of  the 
tube,  whilst  the  more  volatile  osmium  compound  is  carried  on 
still  further  by  the  current  of  air.  Ruthenium  dioxide  crystal- 
lises in  small,  very  hard,  tetragonal  pyramids,  possessing  a  green 
metallic  lustre,  and  a  bluish  or  greenish  iridescence.  These 
have  a  specific  gravity  of  7-2,  and  are  isomorphous  with 
cassiterite  and  rutile  (Rammelsberg). 

Ruthenium  Tetrahydroxide,  Ru(OH)^,3H20,  is  obtained, 
according  to  Glaus,  by  evaporating  ruthenium  disulphate  with 
caustic  potash,  when  a  dark-red  precipitate  falls  down.  The 
product  always  contains  alkali,  and  has  not  been  obtained  pure. 
It  dries  to  a  reddish-brown  mass,  giving  off  water  at  300°.  When 
more  strongly  heated  it  deflagrates  with  vivid  incandescence 
and  evolution  of  a  black,  soot-like  smoke.  It  is  soluble  in  acids 
and  alkalis,  yielding  yellow  solutions. 

Neither  the  oxides  RuOj  and  RugO^  nor  the  corresponding 
acids  have  been  prepared,  but  salts  are  known  corresponding  to 
these. 

Potassium  Butlienate,  'S.^xxO^^R^O,  is  obtained  by  igniting 
a  mixture  of  ruthenium,  caustic  potash,  and  potassium  nitrate 
or  carbonate,  or  by  the  action  of  50  grams  of  the  tetroxide  on  a 
solution  of  70  grams  of  caustic  potash  in  500  c.c.  of  water  at  60° ; 
it  crystallises  from  water  in  rhombic  crystals  having  the  above 
composition,  which  have  a  green  metallic  reflex,  and  are  red  in 
transmitted  light.  They  take  up  moisture  and  carbon  dioxide 
from  the  air  and  lose  all  their  water  at  200°. 

Potassium per-ruthenate,  KRuO^.HjjO,  is  prepared  by  the  action 
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of  chlorine  on  a  solution  of  the  foregoing  salt,  or  by  dissolving 
60  grams  of  caustic  potash  in  250  c.c.  of  water,  warming  to  60°, 
and  adding  50  grams  of  ruthenium  tetroxide  previously  fused 
under  water.  It  forms  black,  lustrous,  tetragonal  octahedra. 
When  heated  in  a  vacuum  at  400°  it  decomposes  with  forma- 
tion of  oxygen,  ruthenium  dioxide,  and  the  ruthenate,  or  possibly 
a  salt  of  potassium  with  a  lower  oxide.^ 

Buthenmm  Tetroxide,  RuO^. — This  compound,  as  already 
stated,  is  formed  in  small  quantity  when  the  metal  is  heated  at 
1000°  in  a  current  of  oxygen,  although  when  heated  alone  it 
decomposes  at  106-107°.  It  is  prepared  by  passing  chlorine 
into  a  solution  of  potassium  nitrosochlororuthenate,  or  of  potass- 
ium ruthenate  or  sodium  ruthenate  prepared  by  fusing  the 
metal  with  sodium  peroxide ;  the  liquid  becomes  heated  and 
the  tetroxide  distils  over  and  is  deposited  in  the  receiver.  It 
is  best  purified  by  distillation  through  anhydrous  calcium 
chloride  in  a  vacuum,  the  apparatus  employed  being  carefully 
freed  from  organic  matter.  It  melts  at  25-5°,  the  liquid  readily 
remaining  superfused,  and  solidifying  to  a  vitreous  mass.  When 
heated  it  does  not  boil  at  106°,  but  decomposes  at  106-107° 
with  a  smoky  flame  but  no  explosion,  the  crystalline  dioxide 
being  formed.  It  may,  however,  be  volatilised  under  reduced 
pressure,  having  a  vapour  pressure  of  20  mm.  at  42°,  and  of 
183  mm.  at  100-8°. 

The  moist  oxide  quickly  decomposes ;  in  the  dry  state  it  is 
fairly  stable,  but  it  decomposes  in  sunlight  with  formation  of 
lower  oxides.  It  dissolves  slowly  in  water,  and  the  solution 
when  it  contains  free  chlorine  or  hypochlorous  acid  may  be 
kept  without  alteration  for  some  days  if  light  be  excluded,  but 
when  pure  slowly  deposits  a  black  precipitate.  The  vapour  has 
a  yellow  colour  and  an  irritating  odour  resembling  that  of 
ozone  or  nitrous  fumes.  According  to  Gutbier  and  Ranso- 
hoif,  it  does  not  attack  the  mucous  membrane,  but  cannot 
long  be  endured  and  may  produce  severe  symptoms  of  poison- 
ing; it  blackens  organic  matter  rapidly,  and  is  immediately 
reduced  by  alcoholic  potash  with  separation  of  finely  divided 
metallic  ruthenium.^  Serious  explosions  may  occur  if  the 
solid  tetroxide  is  treated  with  alcohol. 

1  Debray  and  Joly,  Conipt.  rend.,  1888,  106,  1494;  1891,  113,  694. 
'  Debray  and  Joly,  Compt.  rend.,  1888,  106,  328;  Joly,  ibid.,  1891,  lid, 
693. 
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Ruthenium  and  the  Halogens,  Sulphur,  and  Nitrogen. 

607  Only  the  trihalogen  derivatives  of  ruthenium  have  been 
prepared  in  the  pure  state,  but  it  is  probable  that  dihalogen 
compounds  are  also  formed,  and  numerous  complex  substances 
derived  from  the  tetrahalogen  series  are  known.  When  chlorine 
is  passed  over  the  metal,  combination  occurs  slowly,  but  the 
resulting  mass  appears  to  be  a  mixture. 

Buthenium  Bichloride,  RuClg,  has  not  been  isolated,  but  is 
probably  present  in  the  blue  liquid  obtained  by  the  action  of 
sulphuretted  hydrogen  on  a  solution  of  the  trichloride. 

Ruthenium  Trichloride,  RuClj,  is  said  to  be  formed  when  the 
finely  divided  metal  is  heated  in  a  mixture  of  chlorine  and 
carbonic  oxide  at  360-440°  (Joly).  It  is  best  prepared  by 
evaporating  the  tetroxide  with  hydrochloric  acid,  chlorine  being 
evolved.  It  then  forms  a  lustrous  mass  which  dissolves  readily 
in  water,  forming  orange-yellow  coloured  solutions.  The 
aqueous  solution  decomposes  when  gently  warmed,  an  intensely 
black  precipitate  being  produced  (p.  1322).^ 

Double  salts  of  the  trichloride  with  alkali  chlorides,  RgRuOlj, 
known  as  rutheniochlorides  or  chlororuthenites,  can  easily  be 
obtained,^  the  caesium  and  rubidium  compounds  being  the  most 
characteristic  and  forming  dark-coloured  crystals  containing 
IHjO.  According  to  Howe  ^  an  isomeric  series  of  chlorides  also 
exists  which  he  terms  the  aquocMororuthenates.  These  salts 
are  obtained  by  boiling  the  solutions  of  the  rutheniochlorides 
with  alcohol.  Potassium  aqtwchlororuthenate,  K2Ru(OH2)Cl5, 
crystallises  in  rose-red  octahedra.  Its  solution  is  at  once 
darkened  by  chlorine. 

The  trichloride  unites  with  ammonia  to  form  a  compound, 
2RuCl3,7NH3,  which  forms  a  deep-red  solution  in  water  (Joly). 

Ruthenium  Tetrachloride,  RuCl^,  is  probably  formed  when  the 
tetrahydroxide  is  dissolved  in  hydrochloric  acid,  but  has  not 
been  obtained  pure.  Its  compounds  with  the  alkali  chlorides 
and  hydrochlorides  of  organic  bases,*  RgRuClg,  known  as  rutheni- 
chlorides  or  chlorm'uthenates,  can  readily  be  obtained. 

Potassium  Buthenichloride,  KjRuClg,  is  prepared  by  fusing 

'  Gutbier  and  Trenkner,  Zeit.  anorg.  Chem.,  1905,  45,  166. 
^  See  Miolati  and  Tagiuri,  Gazz.,  1900,  30,  ii,  511. 
^  /.  Amer.  Ohem.  Soc,  1901,  23,  775 ;  1904,  26,  543. 
■"  Gutbier  and  Zwicker,  Ber.,  1907,  40,  690. 
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ruthenium  with  potash  and  potassium  chlorate,  dissolving  in 
cold  water  and  adding  dilute  hydrochloric  acid.  It  forms 
minute  reddish-brown  crystals  and  is  sparingly  soluble  in  cold 
water.i  The  salt  formed  by  the  action  of  chlorine  on  potassium 
aquochlororuthenate  appears  to  be  isomeric  with  this  (Howe). 

Ruthenium  Oxychloride,  EuOjClj,  is  not  known,  but  double 
alkali  salts,  such  as  Ru02Cl2,2CsCl,  have  been  prepared  by  the 
action  of  hydrochloric  acid  on  the  tetroxide  in  presence  of  an 
alkali  chloride  (Howe). 

Ruthenium  forms  also  a  tribromide  and  a  tri-iodide,  and 
yields  series  of  rutheniobromides  and  ruthenibromides  which 
closely  resemble  the  chlorine  derivatives.^ 

A  ruthenium  trichloride  and  tetrachloride  and  double  salts 
of  these  with  alkali  chlorides  were  described  by  Claus,  but 
later  investigation  ^  has  shown  that  these  all  contain  nitrogen, 
and  are  in  reality  nitroso-derivatives. 

Ruthenium  Sulphide,  RugSg. — This  compound  occurs  as  the 
mineral  laurite,  which  is  found  with  platinum  ore  in  Borneo 
and  Oregon,  and  usually  contains  a  small  percentage  of  osmium. 
It  crystallises  in  small  octahedra,  generally  showing  also  cube 
faces.  Sulphuretted  hydrogen  gives  a  precipitate  with  solu- 
tions of  ruthenium  salts,  which  consists  of  a  varying  mixture  of 
sulphides  and  oxysulphides  of  ruthenium  with  free  sulphur. 

According  to  Antony  and  Lucchesi  *  the  precipitate  produced 
in  a  solution  of  potassium  ruthenichloride,  KjRuClg,  at  0°  is  a 
mixture  of  the  trisulphide,  RuSg,  and  sulphur,  whilst  at  80°  the 
disulphide,  RuSg,  is  formed.  These  sulphides  become  incan- 
descent or  explode  when  gently  heated  in  air. 

Rutheniiom  Sesquisulphite,  Ru2(S03).,.— When  sulphur  dioxide 
is  slowly  passed  into  a  solution  of  rubhenic  sulphate,  Ru(S04)2, 
the  colour  changes  from  bright  red  through  green  to  blue. 
Alcohol  added  to  this  blue  solution  produces  a  blue  precipitate 
of  the.  colloidal  sulphite,  which  may  be  dried  at  80°.  It  dissolves 
in  water  and  is  precipitated  by  salts." 

Ruthenium  Dithionate,  RuS20g,  is  obtained  by  the  continued 
action  of  sulphur  dioxide  on  a  solution  of  ruthenic  sulphate,  and 

'  Antony  and  Lucchesi,  Oazz.,  1899,  29,  ii,  82. 

2  Gutbier  and  Trenkner,  Zeit.anorg.  Chem.,  1905,  45,  178  ;  Howe,  /.  Amer. 
Chem.  Soc,  1904,  26,  942. 

'  Joly,  Compt.  re.7id.,  1888,  107,  994;  Howe,  Amer.  Chem.  J.,  1894,  16, 
388. 

*  Oazz.,  1900,  30,  ii,  539. 

'  Antony  and  Lucchesi,  Gazz.,  1900,  30,  ii,  71. 
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forms  a  yellow,  crystalline,  fibrous  mass  which  is  readily  soluble 
in  water.^ 

Buthenic  Sulphate,  Ru(S0^)2,  is  obtained  by  dissolving  the 
precipitated  sulphide  in  nitric  acid,  or  the  tetrahydroxide  in 
sulphuric  acid ;  the  reddish-yellow  solution  leaves  on  evapora- 
tion a  yellowish-brown,  amorphous  mass,  which  yields  a 
deliquescent  powder  closely  resembling  mosaic  gold. 

Ruthenium  and  Nitrogen. — When  brown  ruthenium  sesqui- 
oxide  is  dissolved  in  nitric  acid  it  forms  a  red  nitrate;  the 
latter  on  boiling  with  successive  quantities  of  hydrochloric  acid 
and  evaporation  at  120°  yields  a  red,  crystalline  mass  of 
rutheniuvi  nitrosochloride,  RuCl3NO,H20 ;  on  recrystallisation 
from  hot  water  this  forms  dichroic  triclinic  prisms  having  the 
composition  RuCl3NO,5H20,  which  rapidly  effloresce  in  dry  air. 
It  may  also  be  prepared  by  the  action  of  aqua  regia  on  the 
tetroxide.^  This  substance  combines  with  alkali  chlorides 
forming  double  salts,  which  are  identical  with  the  substances 
formerly  supposed  to  be  double  salts  of  ruthenium  trichloride 
and  the  alkali  chlorides.'  The  potassium  salt  has  the  compo- 
sition K2[RuCl5(NO)],  and  forms  a  violet-brown,  iridescent 
powder  consisting  of  orange-red,  microscopic  cubes.  In  aqueous 
solution  it  yields  the  ions  K,  K  and  [RuCl5(N0)],  and  it  is 
dissociated  to  about  the  same  extent  as  potassium  platini- 
chloride.* 

The  complex  nitroso-derivatives  have  been  investigated  by 
Brizard.* 

Ammoniacal  Derivatives  of  Ruthenium. 

608  Like  most  of  the  other  members  of  this  group,  ruthenium 
forms  a  number  of  derivatives,  the  basic  radical  of  which  con- 
tains both  ruthenium  and  ammonia.  These  were  first  examined 
by  Glaus,  who  described  a  series  of  salts  derived  from  the 
hydroxide  Ru(NH8),(OH)2,  and  also  obtained  a  hydroxide  to 
which  he  assigned  the  composition  Ru(NH3)2(OH)2.  Accord- 
ing to  Joly,«  however,  the  salts  containing  four  molecules  of 

'  Antony  and  Lucohesi,  Gazz.,  1898,  28,  ii,  139. 
"  Howe,  J.  Amer.  Chem.  Soc,  1894,  16,  388. 
■>  Joly,  Compt.  rend.,  1888,  107,  994;  1889,  108,  1300. 
"  Lind,  /.  Anier.  Chem.  Soc,  1903,  25,  928. 

=  Compt.  rend.,  1899,  129,  216;  Ann.  Chim.  Phys.,  1900,  [7],  21,  311. 
»  Compt.  rend.,  1889,  108,  1300;  1890,  111,  969;  189,3,  115,  1299;  Howe, 
J.  Amer.  Chem.  Soc,  1894,  16,  388. 
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ammonia  also  contain  the  nitroBO-group,  and  have  the  general 
formula  Ru(NH3)/NO)(OH)X2,  where  X  is  a  halogen  or  mono- 
valent acid  radical,  whilst  the  hydroxide  containing  two  mole- 
cules of  ammonia  has  the  composition  Ru(NE[3)NO(OH)3,H20. 
The  salts  of  the  first-named  series  are  well  crystallised  substances 
which  usually  have  a  golden-yellow  colour,  but  no  crystalline 
salts  have  been  prepared  from  the  second  hydroxide.  This 
view  has  been  confirmed  by  Werner,^  who  regards  these 
compounds  as  hydroxynitrosotetramminerutheniuTn  salts, 
[Ru(OH)(NO)(NH3)JX2,  derived  from  tetravalent  ruthenium, 
and  has  prepared  series  of  salts  in  which  the  hydroxyl  group  of 
the  complex  radical  is  replaced  by  chlorine,  bromine,  or  water, 
the  formula  of  this  last  series  being  [Ru(H20)(NO)(NH3)JX3. 

Ruthenium  and  Cakbon  and  Silicon. 

609  Rutheniocyanides. — These  compounds  correspond  to  the 
ferrocyanides ;  the  potassium  salt,  K^[RuCyg],3H20,  is  obtained 
by  heating  potassium  ruthenio-nitrosochloride  with  potassium 
cyanide,  and  forms  colourless  crystals  isomorphous  with  those  of 
potassium  ferrocyanide.  Its  solution  is  turned  a  dark  violet 
colour  by  ferric  salts,'  and  yields  a  pale  green  precipitate 
changing  to  violet  with  ferrous  salts,  whilst  the  salts  of  mercury, 
lead,  and  zinc  yield  white  precipitates.'''  The  free  rutheniocyanic 
acid,  H^RuCyg,  is  prepared  from  the  potassium  salt  by  adding 
hydrochloric  acid  and  extracting  with  ether,  and  crystallises 
in  pearly  laminse  readily  soluble  in  water  and  alcohol.  The 
solution  has  an  acid  reaction  "and  an  astringent  taste,  and  on 
exposure  to  air  assumes  a  blue  colour  (Glaus). 

Buthenium  Silicide,  RuSi,  is  formed  in  small,  white  crystals 
when  the  elements  are  heated  together  in  the  electric  furnace. 
It  has  the  specific  gravity  5-40,  and  is  very  hard.  It  is  not 
attacked  by  boiling  acids,  but  is  decomposed  by  the  halogens, 
bums  when  strongly  heated  in  oxygen,  and  yields  a  per-ruthenate 
when  fused  with  potassium  hydrogen  sulphate  and  potassium 
nitrate.^ 

'  Ber.,  1907,  40,  2614. 

2  See  Howe,  J.  Amer.   Cham.  Soc,  1896,  18,  981;    Howe  and  Campbell, 
ibid.,  1898,  20,  29. 

3  Moissan  and  Manchot,  Oompt.  rend.,  1903,  137,  229. 
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Detection  and  Estimation  of  Ruthenium. 

6io  The  ruthenic  salts  give  a  dark-red  precipitate  with 
concentrated  solutions  of  potassium  chloride  and  ammonium 
chloride,  and  on  boiling  with  water  the  characteristic  ruthenium 
oxychloride  is  formed.  Ruthenium  solutions  are  first  coloured 
blue  by  sulphuretted  hydrogen,  and  afterwards  the  brown 
sulphide  is  formed,  which  is  almost  insoluble  in  ammonium 
sulphide.  The  production  of  the  volatile  tetroxide  is  also  a 
characteristic  reaction. 

Ruthenium,  like  the  other  members  of  this  group,  is  estimated 
quantitatively  as  the  metal. 

Atomic  Weight  of  Ruthenium. — Claus  ^  first  determined  this 
constant,  but  the  later  investigations  of  Joly  with  carefully 
purified  material  have  shown  that  the  figures  of  Claus  are  too 
high.  Joly  determined  the  atomic  weight  (1)  by  reducing  the 
dioxide  in  hydrogen ;  (2)  by  the  reduction  of  the  nitroso- 
chloride  in  hydrogen ;  (3)  by  the  reduction  of  ammonium 
nitrosochlororuthenate,  the  numbers  obtained  being  respectively 
101'67,  101'74,  and  101'62,  and  the  atomic  weight  is  therefore 
at  present  (1913)  taken  as  101'7. 


RHODIUM.     Rh=  102-9. 

611  When  Wollaston^  in  1804  first  acknowledged  that  he  was 
the  discoverer  of  palladium  (p.  1336),  he  likewise  intimated  that 
he  had  found  another  new  metal  in  platinum  ore,  to  which  he 
gave  the  name  of  rhodium,  because  the  solutions  of  its  salt 
possess  a  rose-red  colour  (poSov,  a  rose).  After  Wollaston's 
time  the  metal  and  its  compounds  were  investigated  by  Berzelius 
and  Claus.  In  addition  to  its  occurrence  in  platinum  ore,  rhodium 
has  been  found,  according  to  Del  Rio,  alloyed  with  gold  as 
rhodium-gold. 

In  order  to  prepare  rhodium  from  the  mixed  platinum  metals, 
the  solution  is  employed  from  which  ammonium  platinichloride 
has  been  precipitated.  The  metals  still  in  solution  are  then 
precipitated  by  metallic  iron,  and,  according  to  the  process 
of  Deville  and  Debray,  the  metallic  precipitate  is  fused  with 

1  Petersb.  Alcad.  Bull.,  3,  353. 

2  Joly,  Compt.  rend.,  1889,  108,  946.  3  Phil.  Trdhs.,  1804,  94,  419. 
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one  part  of  lead  and  two  jiarts  of  litharge.  A  regulus  is  thus 
obtained,  from  which  the  lead,  copper,  and  palladium  may  be 
dissolved  out  by  the  action  of  dilute  nitric  acid.  The  insoluble 
metallic  powder  is  then  well  mixed  with  five  parts  of  barium 
peroxide  and  heated  to  redness  for  two  hours,  the  solid  mass 
being  lixiviated  with  water,  and  the  residue  boiled  with  aqua 
regia  in  order  to  volatilise  the  osmium  tetroxide,  this  latter  being 
condensed.  The  excess  of  barium  is  precipitated  from  the 
solution  by  sulphuric  acid,  the  filtrate  evaporated  at  100°  with 
an  excess  of  ammonium  chloride,  and  the  residue  washed  with  a 
solution  of  the  same  salt  as  long  as  the  wash-water  has  a  rose- 
red  colour.  The  filtrate  is  then  evaporated  with  an  excess  of 
nitric  acid  in  order  to  decompose  the  ammonium  chloride,  and  the 
residual  mass  heated  to  redness  with  from  three  to  four  parts 
of  sulphur.  It  is  then  rapidly  boiled  out  with  aqua  regia  and 
sulphuric  acid,  and  by  this  treatment  nearly  pure  rhodium  re- 
mains behind.  In  order  further  to  purify  this  it  is  fused  with 
from  three  to  four  parts  of  zinc,  and  the  alloy  treated  with 
strong  hydrochloric  acid,  when  the  compound  RhZng  remains 
behind.  This  is  dissolved  in  aqua  regia  and  evaporated  with  an 
excess  of  ammonia.  Rhodammonium  chloride,  Rh(NHg)5Ci3, 
separates  out,  and  this  is  then  purified  from  traces  of  iridium 
by  recrystallisation,  and  ignited  in  a  carbon  crucible  with  some 
sulphur,  and,  lastly,  in  order  to  remove  from  it  any  traces  of 
silicon  and  osmium,  fused  in  the  oxy-hydrogen  or  electric  furnace. 

Another  method  of  preparing  the  pure  metal  is  that  described 
by  Bunsen,!  for  the  particulars  of  which  his  memoir  on  the 
subject  must  be  consulted.  He  obtained  from  one  kilogram  of 
the  platinum  residues  from  the  St.  Petersburg  mint  33-2  grams 
of  pure  rhodium  sodium  sulphate,  NagE.h(S04)3. 

Commercial  rhodium  frequently  contains  iridium.  If,  how- 
ever, the  metals  are  converted  into  the  chloropentammine 
chlorides,  the  rhodium  salt  may  be  obtained  quite  free  from 
iridium  by  treating  the  mixture  with  nitric  acid,  filtermg  off 
the  chloropentamminerhodium  nitrate  which  crystallises  out, 
and  reconverting  this  into  the  chloride,  which  then  yields 
rhodium  quite  free  from  iridium. ^ 

Rhodium  can  also  be  obtained  free  from  iridium,  when  the 

1  Phil.  Mag.,  1868,  [4],  36,  253. 

2  Jorgensen,  Zeit.  anorg.  Chem.,  1903,  34,  82;  see  also  Mylius  and  Dietz 
Btr.,  1898,  31,  3187;  Leidi6,  Compt.  rend.,  1900,  131,  888;  Uidi6  and 
Quennessen,  Bidl.  Soc.  chim.,  1901,  [3],  25,  840. 
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latter  is  present  as  an  iridic  salt  such  as  Ir(S0^)2,  by  precipi- 
tating the  mixed  salts  with  caustic  potash,  dissolving  the 
hydroxides  in  dilute  sulphuric  acid,  and  adding  caesium  sulphate. 
The  sparingly  soluble  rhodium  caesium  alum  separates  in  the 
cold,  and  can  readily  be  purified  by  recrystallisation  and  then 
decomposed   electrolytically.^ 

Properties. — Rhodium  possesses  the  colour  and  lustre  of 
aluminium,  and  has  a  specific  gravity  of  12'1.  It  fuses  with 
greater  difficulty  than  platinum,  and  spits  on  cooling,  the  surface 
becoming  coloured  blue  from  oxidation ;  it  can  be  distilled  in 
the  electric  furnace.^  When  a  solution  of  one  of  its  salts  is 
heated  with  sodium  formate,  the  metal  is  precipitated  in  the 
form  of  a  fine  black  powder,  possessing  the  property  of  decom- 
posing formic  acid,  CHgOg,  with  evolution  of  heat,  into  hydrogen 
and  carbon  dioxide.  After  a  time  the  action  becomes  weaker, 
but  the  powder  then  simply  requires  to  be  washed  with  water 
and  dried  in  the  air  to  be  again  rendered  active.  At  a 
somewhat  higher  temperature,  and  in  presence  of  caustic 
potash,  it  also  decomposes  alcohol,  CjHjOH,  with  evolution  of 
hydrogen  and  formation  of  potassium  acetate,  CH3"C02K;  it 
does  not  lose  this  power  at  a  temperature  at  which  glass  begins 
to  soften  (Deville  and  Debray).  An  unstable,  colloidal  solution 
of  rhodium  can  be  obtained  by  reducing  the  pure  chloride  with 
hydrazine  hydrate.  In  presence  of  gum  arable  the  solution 
can  be  evaporated  over  sulphuric  acid  and  yields  a  dark  brown 
residue  which  contains  99'4  per  cent,  of  rhodium  and  is  almost 
completely  soluble  in  warm  water.^  Pure  rhodium,  as  well  as 
that  which  contains  gold  and  platinum,  is  almost  insoluble  in 
acids.  If,  however,  it  be  alloyed  with  bismuth,  zinc,  lead,  or 
copper,  it  dissolves  in  aqua  regia.  Alloys  of  much  platinum 
and  little  rhodium  also  dissolve  in  aqua  regia,  but  if  the 
rhodium  be  present  in  larger  quantity  much  remains 
undissolved.  Rhodium  can,  however,  be  brought  into  solution 
by  repeated  ignition  with  fused  potassium  hydrogen  sulphate, 
as  well  as  with  phosphoric  acid  or  acid  phosphates.  Of  all  the 
platinum  metals  rhodium  is  the  most  easily  attacked  by 
chlorine.  Rhodium  combines  with  tin,  yielding  the  alloy 
RhSug,  which  forms  small  brilliant  ci-ystals.*     It  forms  also  a 

1  Piccini  and  Marino,  Ztit.  anorg.  Chem.,  1901,  27,  62. 
-  Moissan,  Oompt.  rend.,  1906,  142,  189. 
'  Gutbier  and  Hofnieier,  /.  pr.  Chem.,  1905,  [2],  71,  4r>2. 
•  Debray,  Oompt.  rend.,  1887,  104,  1470. 
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bismuth  compound,  RhBi^,  which  crystallises  in  needles  and  is 
completely  soluble  in  aqua  regia ;  ^  it  appears  to  form  a 
compound  with  gold,  but  not  with  silver. 

Finely  divided  rhodium  absorbs  very  little  hydrogen,  but  acts 
as  a  catalyst  in  bringing  about  the  union  of  hydrogen  and 
oxygen  in  a  similar  manner  to  platinum  black.^ 

Crucibles  and  other  forms  of  chemical  apparatus  are  now 
made  of  malleable  rhodium,  and  it  is  essential  to  use  the 
perfectly  pure  metal  for  their  preparation  (Matthey). 


RHODIUM    COMPOUNDS. 

Rhodium  and  Oxygen. 

612  Rhodium  forms  three  oxides,  having  the  formulae  RhO, 
RhgOg,  and  RhO^. 

Rhodium  Monoxide,  RhO,  is  obtained  by  heating  the  tri- 
hydroxide,  Rh(0H)3,  by  the  cupellation  of  an  alloy  of  rhodium 
and  lead,  or  by  igniting  the  finely  divided  metal  in  a  current  of 
air.  It  is  a  grey  powder,  with  metallic  appearance,  which  is 
not  attacked  by  acids,  andwhenheated  in  hydrogen  is  reduced 
with  evolution  of  light. 

Rhodium  Sesqidoxide,  RhjOg,  is  obtained  as  a  grey,  iridescent, 
spongy  mass  by  heating  the  nitrate.  It  is  also  formed  as  a 
crystalline  mass  when  sodium  rhodochloride  is  heated  in 
oxygen.     It  is  perfectly  insoluble  in  acids. 

Rhodium  Trihydroxide,  Rh(0H)3,  is  a  black,  gelatinous  pre- 
cipitate, obtained  by  heating  a  solution  of  sodium  rhodo- 
chloride with  excess  of  caustic  potash.  On  drying  it  forms  a 
heavy,  dark  brown  mass  having  a  conchoidal  firacture  and  a 
metallic  lustre.  It  is  scarcely  attacked  by  acids,  hydrochloric 
acid  dissolving  it  but  very  slightly. 

If  a  solution  of  the  sodium  double  chloride  be  treated  in  the 
cold  with  potash  not  in  excess,  it  becomes  opaque,  and  on  long 
standing  deposits  thin,  lemon-yellow  crystals  of  the  hydroxide, 
Rh(OH)3,H20,  which  dissolve  readily  in  acids,  and,  when  moist, 
in  caustic  potash.  When  chlorine  is  passed  into  the  solution 
of  the  yellow  hydroxide  in  caustic  potash,  a  blue  coloration 

1  Rossler,  Chem.'Zeit.,  1900,  24,  733. 

=  Quennessen,  Gompt.  rend.,  1904,139,795;   Bull.  Soc.  chim.,  190o,  [3],  66, 

191. 
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is  produced/  which  is  probably  due  to  the  formation  of  a 
per-rhodate,  NagRhO^. 

The  rhodium  salts  are  derived  from  the  sesquioxide.  They 
possess  either  a  dark-red  or  a  yellow  colour,  and  have  a  bitter 
but  not  astringent  taste. 

Ehodium  Dioxide,  RhOg,  is  obtained  by  repeated  fusion  of 
the  metal  with  caustic  potash  and  saltpetre.  The  sesquioxide 
is  first  formed,  and  this  undergoes  further  oxidation.  It  closely 
resembles  the  sesquioxide ;  it  is  attacked  neither  by  alkalis 
nor  by  acids,  and  is  reduced  by  hydrogen  only  at  a  high 
temperature. 

Rhodium  Tetrahydroxide,  Rh(OH)^. — When  chlorine  is  passed 
into  the  alkaline  solution  of  the  sesquihydroxide  for  a  long 
time,  and  caustic  potash  occasionally  added,  this  compound 
separates  out  as  a  green  powder,  the  liquid  becoming  coloured 
blue  or  violet.  The  green  powder  dissolves  in  hydrochloric 
acid,  yielding  a  blue  solution,  and  this  colour  gradually  changes 
to  dark-red,  chlorine  being  evolved.  The  violet-blue  solution 
probably  contains  the  potassium  salt  of  a  rhodous  acid,  which 
latter  separates  out  after  some  time  as  a  blue  powder,  gas 
being  simultaneously  evolved.  On  drying,  it  is  converted  into 
the  tetrahydroxide. 

Insoluble  crystalline  salts  of  the  composition  KjO.GRhOj, 
Na20,8Rh02,  and  BaO,12Rh02  are  obtained  when  the  corre- 
sponding double  nitrites  are  heated  in  vacuo  and  the  products 
treated  with  water.  These  substances  may  be  regarded  as 
rhodifes,  analogous  to  the  manganites,  cobaltites  and  chromites.^ 

Rhodium  Salts. 

613  Rhodium  Trichloride,  RhClg,  is  obtained  by  the  continued 
ignition  of  the  finely  divided  metal  in  chlorine,  and  also  by 
heating  one  of  the  alkali  double  salts  with  sulphuric  acid,  and 
pouring  the  cooled  mixture  into  water ;  a  rose-red  powder  of 
insoluble  rhodium  chloride  remains  behind.  It  may  be  con- 
veniently prepared  from  the  crude  double  chloride,  RhClg.SNaCl, 
obtained  by  the  action  of  chlorine  on  the  metal  in  presence  of 
sodium  chloride,  by  dissolving  it  in  water,  precipitating  the 
sodium  chloride  by  hydrochloric  acid,  evaporating,  and  heating 
the  residue  in  a  current  of  chlorine  or  hydrogen  chloride.  It 
then  forms  a  brown  powder,  insoluble  in  water  or  acids,  but 

'  See  Alvarez,  Compt.  rend.,  1905,  140,  1341. 
2  Leidi^,  Compt.  rend.,  1899,  129,  1249. 
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soluble  in  alkalis  and  in  potassium  cyanide.^  It  is  obtained  also 
as  a  brick-red  powder  by  heating  the  rhodium  tin  alloy,  RhSng, 
in  chlorine  at  440°,  the  tin  volatilising  as  stannic  chloride. 
When  the  yellow  hydroxide  is  dissolved  in  hydrochloric  acid, 
a  yellow  solution  is  obtained  possessing  an  astringent  taste, 
which  on  concentration  becomes  rose-red,  and  then  possesses 
the  peculiar  bitter  taste  characteristic  of  all  rhodium  salts. 
When  this  solution  is  evaporated,  a  dark-red,  amorphous  mass 
of  the  hydrated  chloride  is  obtained,  which  is  deliquescent,  and 
on  further  heating  yields  the  insoluble  anhydrous  chloride. 

The  trichloride  yields  a  large  number  of  well-crystallised  rhodo- 
chlorides  or  chlororhodites.  The  sodium  salt,  Na3RhClg,9H20, 
crystallises  in  deep  cherry-red,  triclinic  prisms,  which  are  very 
soluble  in  water,  and  effloresce  in  the  air  to  a  peach-blossom 
coloured  powder.  The  ami^onmm  salt,  2(NH4)3RhClg,3H20, 
forms  four-sided,  rhombic  prisms. 

The  dark  salt  formed  with  potassium  chloride  has  the  formula 
2K01,RhCl3  or  KjRhClg.  It  crystallises  in  dark-red,  acicular 
prisms  which  contain  IHjO,  according  to  Berzelius,  but  accord- 
ing to  Leidi^  are  anhydrous.  Another  hydrate,  K2RhCl5,3H20, 
crystallising  in  dark-red  prisms  has  been  described  by  Claus. 

Rhodium  Monosulphide,  RhS. — When  rhodium  is  heated  in 
sulphur  vapour  it  takes  fire  with  formation  of  the  sulphide, 
which  is  produced  also  when  sulphuretted  hydrogen  is  passed 
through  a  solution  of  a  rhodium  salt,  and  the  washed  precipi- 
tate dried  by  ignition  in  a  current  of  carbon  dioxide.  Thus 
obtained,  it  forms  a  bluish-white  fused  mass  having  a  metallic 
lustre,  and,  when  heated  in  the  air,  leaves  a  residue  of  spongy 
rhodium. 

JRkodium  Sesquisulphide,  RhjSg,  is  obtained  in  the  pure  state 
by  heating  the  trichloride  in  sulphuretted  hydrogen  at  360°, 
and  forms  blackish,  crystalline  plates.  The  hydrosulphide, 
Rh(SH)3,  is  precipitated  when  sulphuretted  hydrogen  in  large 
excess  is  passed  into  a  solution  of  a  rhodium  salt  at  100°,  and 
forms  a  brownish-black  precipitate  which  is  insoluble  in 
ammonium  sulphide.^ 

Rhodium  Sulphite,  Rh2(S03)3,6H20,  is  obtained  by  dissolving 
the  yellow  hydroxide  in  sulphurous  acid  and  evaporating.  It 
■  is  a  pale  yellow,  indistinctly  crystalline  mass,  and  forms 
crystalline  double  salts. 

1  Joly  and  Leidi^,  Compt.  rend.,  1898,  27,  103. 
■■^  Leidi6,  Compt.  rend.,  1888,  106,  1533. 
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Rhodium  Sulphate,  Rh2(S04)3,12H20,  is  obtained  by  dis- 
solving the  yellow  hydroxide  in  sulphuric  acid,  evaporating, 
and  washing  away  the  excess  of  acid  by  alcohol.  It  is  a  yellow, 
crystalline  mass  which  possesses  a  sour  astringent  taste.  The 
anhydrous  salt  is  a  brick-red,  non-hygroscopic  powder  (Leidi^). 
According  to  Glaus  it  forms  crystalline  double  salts  with  the 
alkali  sulphates,  but  Leidie  was  unable  to  confirm  this  statement. 

A  series  of  rhodium  alums  of  the  alkali  metals,  ammonium, 
and  thallium  has  been  prepared  by  dissolving  the  yellow 
hydroxide  in  excess  of  dilute  sulphuric  acid  and  adding  two- 
thirds  of  the  calculated  amount  of  the  alkali  sulphate.' 
Rhodiitm  ccesium  alum.,  Cs2SO^,Rh2(SO^)3,24H20,  forms  yellow 
octahedra,  melts  at  110-111°,  and  is  sparingly  soluble  in  cold 
water.  The  potassium  compound,  on  the  other  hand,  is 
extremely  soluble  in  water,  the  rubidium  and  ammonium  salts 
being  intermediate  in  solubility. 

Rhodium  Nitrite,  Rh(N02)3,  has  not  been  isolated,  but 
forms  characteristic  double  salts.  Sodium  rhodium  nitrite, 
3NaN02,Rh(N02)3,  separates  in  bulky  white  crystals,  which 
act  on  polarised  light.  The  potassium  salt  also  forms  white, 
microscopic  crystals  when  pure,^  but  is  usually  obtained  as  a 
heavy,  orange-coloured,  crystalline  powder,  which  dissolves 
readily  in  hydrochloric  acid. 

Rhodium  Nitrate,  Rh(N03)3,  does  not  crystallise,  but  forms  a 
dark  yellow,  hygroscopic,  gummy  mass. 

Potassium  Rhodicyanide,  K3[RhCy5],  is  obtained  in  a  similar 
way  to  the  corresponding  iridium  salt  (see  p.  1368),  which  it 
closely  resembles ;  it  is  distinguished  from  the  latter  inasmuch 
as  acetic  acid  produces  a  pale  crimson-red  precipitate  of  rhodium 
cyanide,  RhCyg,  which  dissolves  in  the  cyanides  of  the  alkali 
metals,  forming  the  rhodicyanides  (Martins).  It  may  also  be 
prepared  by  dissolving  the  yellow  hydroxide  in  caustic  potash, 
diluting,  and  adding  the  solution  to  an  excess  of  hydrocyanic 
acid.^ 

Ammoniacal  Derivatives  of  Rhodium. 

614  The  ammoniacal  rhodium  bases  and  salts  closely  resem- 
ble the  corresponding  cobalt  compounds.  The  three  chief  series 
have  the  following  general  formulae : 

1  Piccini  and  Marino,  Zeit.  anorg.  Chem.,  1901,  27,  62. 
'^  Leidi6,  Oompt.  rend.,  1890,  HI,  106. 
3  Leidie,  Compt.  rend.,  1900,  130,  87. 
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Hexammine  salts  (Luteo-salts)  [Rh(NB3)g]X, 
Aquopentammine  salts  (Roseo-salts)  [Rh(H26)(NH3)5]X3 
Pentammine  salts  (Purpureo-salts)  [RhX(NH3)5]X2 
in  which  X  is  a  monovalent  negative  radical. 

Hexammine-Rhodium  Trichloride,  (Luteorhodium  Chloride), 
[Rh(NH3)g]Cl3,  is  obtained  in  colourless  lustrous  crystals  by 
heating  the  salt  next  described  with  ammonia. 

dhloropentammine-Iihodium  Bichloride  (Chloropurpureorhodium 
Chloride),  [RhCl(NH3)g]Ol2,  is  prepared  by  dissolving  the  alloy 
of  rhodium  and  zinc  in  aqua  regia  and  adding  ammonia.  It 
forms  small  yellowish  lustrous  rhombic  crystals. 

Aquopentammine- Bhodium  Chloride  (Soseorh'odiwn  Chloride), 
[Rh(H20)(NHs),]Cl3,H.p,  is  obtained  by  digesting  the  fore- 
going compound  with  silver  oxide  for  several  days,  and  dis- 
solving the  resulting  base  in  hydrochloric  acid. 

Optically  Active  Rhodium  Ammine  Salts. — There  is  con- 
siderable similarity  between  rhodium  and  cobalt  salts.  The 
triethylenediamine  cobalt  salts  form  optical  isomerides,  and 
Werner  has  succeeded  in  obtaining  the  optical  isomerides  of 
triethylenediaminerhodium  salts.^ 

Detection  and  Estimation  of  Rhodium. 

615  Solutions  of  this  metal  are  precipitated  by  sulphuretted 
hydrogen,  slowly  in  the  cold,  but  more  quickly  when  warmed. 
The  brown  sulphide  is  insoluble  in  ammonium  sulphide.  When 
a  rhodium  compound  is  heated  in  hydrogen  the  metal  is 
obtained ;  this  is  insoluble  in  aqua  regia,  but  can  be  obtained 
in  solution  when  it  is  fused  with  acid  potassium  sulphate.  The 
fused  mass  on  treatment  with  water  yields  a  red  solution,  from 
which  the  metal  is  precipitated  as  a  black  powder  on  addition  of 
caustic  potash  and  alcohol.  It  is  also  precipitated  from  acid 
solution  by  zinc  and  other  metals. 

Rhodium  is  estimated  quantitatively  as  the  metal. 

Atomic  Weight  of  Rhodium. — Jorgensen,^  from  the  analysis 
of  chloropentamminerhodium  dichloride  and  of  the  analogous 
dibromide,  obtained  the  number  lOSl  and  Seubert  and  Kobbe,^ 
by  the  same  method,  the  number  102-94.  This  figure  has  been 
confirmed  by  the  later  work  of  Huttlinger  and  Dittmar.*  The 
value  now  adopted  (1913)  is  102-9. 

1  Ber.,  1912,  45,  1228.  ^  J.  pr.  CUm.,  1883,  [-2],  27,  486. 

3  Annalen,  1891,  260,314. 

*  Sitzungsber.phys.  med.  Soz.  Erlangen,  1907,  39,  1  ;  1909,  40,  184. 
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PALLADIUM.     Pd  =  io67. 

6i6  In  April,  1803,  a  printed  notice  ^  came  into  the  hands  of 
Chenevix,  to  the  effect  that  a  new  metal,  called  Palladium,  was 
to  be  sold  at  Forster's,  of  Gerrard  Street,  Soho.  Chenevix,^ 
believing  that  this  was  simply  a  fraud,  bought  the  whole  stock, 
and  after  investigating  the  question  he  came  to  the  conclusion 
that  the  substance  was  not  a  new  metal,  but  that  it  was  a  plati- 
num amalgam  of  peculiar  properties.  Soon  after  the  communi- 
cation of  Chenevix's  paper  to  the  Royal  Society  (May  13,  1803), 
an  advertisement  appeared  in  which  a  handsome  reward  was 
offered  to  any  one  who  should  prepare  even  a  grain  of  this  sub- 
stance, either  according  to  Chenevix's  plan,  or  by  any  other 
method.  No  one  succeeded  in  obtaining  the  reward,  although 
several  German  chemists  endeavoured  to  prepare  the  new  sub- 
stance. In  1804  Wollaston  *  declared  that  he  was  the  discoverer 
of  palladium,  having  taken  this  name  from  that  of  a  new  planet 
Pallas,  discovered  by  Olbers  in  1802.  At  the  same  time  he 
described  the  process  which  he  adopted  in  order  to  obtain  the 
new  metal  from  platinum  ore. 

Palladium  occurs  in  a  tolerably  pure  state  with  Brazilian 
platinum  ore,  as  well  as  together  with  gold,  at  Tilkerode,  in 
the  Harz.  It  is  contained  in  most  platinum  ores,  and  is  found 
in  many  places  in  South  America  alloyed  with  gold. 

Numerous  methods  of  separating  palladium  from  the  other 
platinum  metals  have  been  described.  Among  these  may  be 
mentioned  the  precipitation  of  the  dicyanide  by  the  addition  of 
mercuric  cyanide  to  a  neutral  solution  of  a  palladium  salt,  and 
the  treatment  of  the  dichloride  solution  with  potassium  iodide, 

1  "Palladium,  or  new  silver,  has  these  properties  amongst  others  that  show 
it  to  be  a  new  noble  metal : — 1.  It  dissolves  in  pure  spirit  of  nitre,  and  makes 
a  dark -red  solution.  2.  Green  vitriol  throws  it  down  in  the  state  of  a  regulus 
from  this  solution,  as  it  always  does  gold  from  aqua  regia.  3.  If  you  evaporate 
the  solution  you  get  a  red  calx  that  dissolves  in  spirit  of  salt  or  other  acids. 
4.  It  is  thrown  down  by  quicksilver,  and  by  all  the  metals  but  gold,  platinum, 
and  silver.  5.  Its  specific  gravity  by  hammering  was  only  11  -3  ;  but  by  flatten- 
ing as  much  as  11-8.  6.  In  a  common  fire  the  face  of  it  tarnishes  a  little 
and  turns  blue,  but  comes  bright  again,  like  other  noble  metals,  on  being 
stronger  heated.  7.  The  greatest  heat  of  a  blacksmith's  fire  would  hardly 
melt  it.  8.  But  if  you  touch  it  while  hot  with  a  small  bit  of  sulphur,  it 
runs  as  easily  as  zinc." 

2  Phil.  Trans.,  1803,  93,  290.     3  p^n^  Trans.,  1804,  94,  428 ;  1805,  95,  316. 
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or  freshly  precipitated  silver  iodide/  which  yields  palladious 
iodide  as  a  black  insoluble  precipitate.  The  cyanide  is 
converted  into  the  metal  by  ignition,  and  the  iodide  by  heating 
in  a  current  of  hydrogen.  Bunsen,^  by  the  iodide  method, 
prepared  pure  palladium  from  the  platinum  residues  of  the 
St.  Petersburg  mint,  which  consisted  of  a  mixture  of  all  the 
platinum  metals.  Other  methods  of  working  up  the  platinum 
metals  on  the  large  scale  have  been  given  by  Philipp,^ 
Guyard,*  and  Leidi6.*  From  the  palladium-gold  alloy  it  may 
be  obtained  by  fusing  the  latter  with  silver,  and  treating  the 
granulated  metal  with  moderately  dilute  nitric  acid,  which 
dissolves  the  silver  and  palladium,  but  leaves  the  gold  un- 
attacked.  The  silver  is  precipitated  with  sodium  chloride,  and 
the  palladium  from  the  filtrate  by  metallic  zinc.  ^ 

To  prepare  pure  palladium  from  the  commercial  metal,  it  is 
dissolved  in  aqua  regia,  and  precipitated  as  the  double  ammon- 
ium chloride  together  with  platinum  and  other  metals.  The 
precipitate  is  treated  with  excess  of  ammonia,  when  the  palladium 
salt  dissolves,  and  on  addition  of  hydrochloric  acid  yields, 
after  a  time,  a  precipitate  of  yellow  palladdiammonium  chloride. 
This  sometimes  contains  rhodammonium  chloride,  which  is 
separated  by  retreatment  with  ammonia  and  addition  of 
hydrochloric  acid.  The  washed  precipitate  yields  spongy 
palladium  on  ignition. 

Palladium  has  a  colour  closely  resembling  that  of  silver 
and  platinum,  a  specific  gravity  of  11-4  at  22-5°  (Deville  and 
Debray),  or  11-9  (Mylius  and  Dietz);^  it  melts  at  1549°, 
having  the  lowest  melting  point  of  all  the  platinum  metals. 
At  the  melting  point  of  iridium  it  boils  violently,  undergoing 
partial  oxidation  and  emitting  green  vapours,  which  condense 
to  a  brown  sublimate  consisting  of  a  mixture  of  oxide  and 
metal.* 

Palladium  is  dimorphous.  The  native  metal  occurs  in  the 
Brazils  in  the  form  of  sand  or  rounded  grains,  amongst  which 
small  regular  octahedra  are  sometimes  found.  Native  palladium 
usually  contains  small  quantities  of  both  platinum  and  iridium, 
and  has   a   specific  gravity  varying  from  ll'S  to  11 '8.     The 

1  Orloff,  Ohem.  Zeit.,  1906,  30,  714. 

2  Phil.  Mag.,  1868,  [41,  36,  253. 

3  Dingl.  Polyt.  Joum.,  1876,  220,  95. 

*  Compt.  rend.,  1863,  56,  1177.  ''  Oompt.  rend.,  1900,  131,  888. 

"  Cock,  Phil.  Mag.,  1843,  [3],  23,  16.  '  Ber.,  1898,  31,  3187. 

8  See  also  Moiesan,  Compt.  rend.,  L906,  142,  189. 
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palladium  found  in  the  Harz  occurs  in  small  hexagonal  tablets, 
together  with  gold  and  lead  selenide,  and  hence  this  latter  body 
was  first  considered  to  be  palladium  selenide.  Owing  to  the 
difference  of  crystalline  form  this  variety  has  been  termed  by 
Dana  ^  AUopalladium. 

When  palladium  is  heated  to  dark  redness  it  assumes  a 
violet  or  blue  colour,  but  at  higher  temperatures  it  regains  its 
metallic  lustre,  and  this  remains  even  when  the  metal  is  quickly 
cooled  by  plunging  into  water.  When  heated  in  a  current  of 
oxygen  till  the  weight  is  constant  it  forms  the  monoxide  PdO.^ 
Palladium  dissolves  readily  in  nitric  acid,  especially  when 
this  contains  nitrous  acid,  or  when  the  metal  is  alloyed  with 
either  copper  or  silver.  Spongy  palladium  also  dissolves  in 
hydrochloric  acid  and  in  contact  with  the  air,  and  the  compact 
metal  likewise  dissolves  in  this  acid  if  chlorine  be  passed  into 
the  liquid,  and  is  attacked  by  boiling  concentrated  sulphuric 
acid,  and  by  fused  potassium  bisulphate.  Palladium  readily 
absorbs  hydrogen  (p.  1340)  and  carbon  monoxide,^  and  acts  as  a 
catalyst  in  many  reactions.*  When  warm  palladium  foil  is 
brought  into  an  electrolytic  mixture  of  hydrogen  and  oxygen, 
or  other  explosive  gaseous  mixture,  combination  takes  place 
without  explosion  (Coquillon),^  and  when  the  metal  is  brought 
into  the  flame  of  alcohol  or  coal-gas  it  becomes  covered  with  a 
thick  film  of  soot.  When  palladium  sponge  is  placed  in  a 
current  of  ethylene  this  gas  is  decomposed  with  separation 
of  carbon,  and  this  occurs  at  a  temperature  at  which  the  gas 
alone  does  not  undergo  any  alteration.^  A  colloidal  solution  of 
palladium  can  be  prepared  by  the  electrical  method,'  by 
the  action  of  formaldehyde,  hydrazine  hydrate,^  or  carbon 
monoxide  ^  on  palladious  chloride,  and  by  the  action  of  hydrazine 
hydrate  or  gaseous  hydrogen  on  a  palladium  salt  in  presence  of 
sodium  protalbate.^*"  This  last  preparation  can  be  obtained  by 
evaporation  as  a  solid  hydrosol,  which  absorbs   hydrogen  and 

'  Mineralogy,  5  ed.  p.  12. 

2  Wilm,  Ber.,  1892,  25,  220 ;  Wohler,  Zeit.  Elehtrochem.,  1905,  11,  836. 

'  Harbeck  and  Lunge,  Zeit.  anorg.  Chem.,  1898,  16,  50. 

J  Lunge  and  Akunoff,  Zeit.  anorg.  Chem.,  1900,  24,  191  ;  Zelinsky,  Ber., 
1898,  31,  3203. 

5  Compt.  rend.,  1876,  83,  709.  «  Wohler,  Annalen,  1876,  184,  128. 

'  Bredig  and  Fortner,  Ber.,  1904,  37,  798. 

»  Gutbier,  Zeit.  anorg.  Chem.,  1902,  32,  347  ;  Gutbier  and  Hofmeier,  J.pr. 
Chem.,  1905,  [2],  71,  358. 

'  Donau,  Monatsh.,  1906,  27,  71. 

i»  Paal  and  Amberger,  Ber.,  1904,  37,  124  ;  1905,  38,  1398. 
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dissolves  readily  in  water.  Colloidal  palladium  decomposes 
hydrogen  peroxide  and  brings  about  the  reduction  of  nitro- 
benzene to  aniline  by  gaseous  hydrogen.^ 

Palladium  has  not  been  employed  very  largely  in  the  arts. 
For  certain  special  purposes,  however,  it  is  useful ;  thus  on 
account  of  its  unalterability  in  the  air,  and  owing  to  its  bright 
silver-white  colour,  it  has  been  employed  for  the  preparation  of 
graduated  surfaces  for  astronomical  instruments.  It  is  likewise 
used  for  coating  silver  goods,  as  palladium  does  not  lose  its  fine 
white  colour  on  exposure  to  sulphuretted  hydrogen,  and  hence 
it  has  also  been  much  employed  by  dentists  as  a  substitute  for 
gold.  Spongy  palladium  is  used  in  gas  analysis  to  absorb 
hydrogen. 

It  forms  alloys  with  silver  and  copper.^ 


PALLADIUM    COMPOUNDS. 

Palladium  and  Oxygen. 

617  Until  recently  only  two  oxides  of  palladium  were 
supposed  to  exist,*  viz.,  the  monoxide,  PdO,  and  the  dioxide, 
PdOg,  but  Wohler  and  Martin  have  obtained  a  hydrated  sesqui- 
oxide,  PdaOgjajIIgO.*  A  suboxide,  PdgO,  has  also  been  described,^ 
but  it  is  probable  that  this  is  in  reality  a  mixture  of  the  metal 
and  the  monoxide  (Wohler  and  Konig). 

Palladium  Monoxide,  PdO,  is  formed  by  the  long-continued 
heating  of  the  spongy  metal  in  a  current  of  oxygen  at  tempera- 
tures rising  from  700-840°,  or  by  heating  a  mixture  of  a 
palladium  salt  with  potassium  carbonate.  Prepared  in  the  first 
manner  it  is  a  bluish-green,  and  by  the  second  an  amber-coloured 
mass,  which  yields  a  black  powder.  On  strong  ignition  it  yields 
the  metal,  the  dissociation  pressure «  being  760  mm.  at  877°, 
and  it  is  reduced  by  hydrogen  at  the  ordinary  temperature  with 
evolution  of  light  and  heat.  It  acts  as  a  powerful  oxidising 
agent    to    organic   substances,   and   is   reduced   to    metal   by 

'  Paal  and  Amberger,  Ber.,  1905,  38,  1406. 

2  Ruer,  Zeit.  anorg.  Chem.,  1906,  51,  223,  315. 

''  Wohler  and  Konig,  Zeit.  anorg.  Chem. ,  1905,  46,  323. 

^  Zeit.  anorg.  Chem.,  1908,  57,  398. 

■^  Kane,  Phil.  Trans.,  1842,  132,  276  ;  Neumann,  Monatsh.,  1892,  Id,  40. 

6  Wohler,  Zeit.  EleUrochem. ,  1905,  11,  836  ;  1906,  12,  781. 
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hydrogen  peroxide.  If  a  palladious  salt  be  precipitated  with 
sodium  carbonate,  a  dark -brown  hydroxide,  readily  soluble  in 
acids,  is  thrown  down,  whilst  the  anhydrous  oxide  dissolves 
only  after  long  boiling.  When  precipitated  in  the  cold  it  is 
soluble  in  alkalis,  but  loses  this  property  when  dried  or  when 
prepared  from  a  boiling  solution.  The  pure  hydrated  oxide  is 
best  prepared  by  the  hydrolysis  of  the  nitrate. 

The  palladious  salts,  corresponding  to  this  oxide,  possess  a 
green,  red,  or  brown  colour,  and  have  an  astringent,  but  not 
metallic,  taste. 

Palladium  Sesquioxide  is  obtained  in  the  hydrated  condition 
by  the  electrolytic  oxidation  of  palladious  nitrate.  It  forms  a 
brown  precipitate  which  dissolves  readily  in  hydrochloric  acid, 
forming  an  unstable  chloride.  Palladium  is  thus  brought  more 
into  line  with  its  neighbours  rhodium  and  ruthenium. 

Palladium  Dioxide  is  obtained  in  an  impure .  hydrated  form 
as  a  brown  precipitate  by  the  addition  of  caustic  soda  to 
potassium  palladichloride.  This  is  soluble  in  acids,  but  becomes 
less  soluble  when  preserved.  It  can  be  obtained  free  from 
alkali  and  basic  salts  by  the  anodic  oxidation  of  the  nitrate,  but 
is  not  quite  free  from  monoxide.  The  dioxide  very  readily 
decomposes  into  the  monoxide  and  oxygen,  and  cannot  be  ob- 
tained in  the  anhydrous  state.  It  acts  as  a  vigorous  oxidising 
agent,  and  decomposes  hydrogen  peroxide  (Wohler  and  Konig). 

Palladium  and  Hydrogen. 

6i8  Palladium-Hydrogen. — The  absorption  of  hydrogen  by 
palladium  was  discovered  by  Graham,  who  observed  that  it 
occurred  when  hydrogen  was  passed  over  metallic  palladium 
which  had  been  heated  to  redness,  or  when  the  metal  was 
employed  as  the  negative  electrode  in  the  electrolysis  of  water.^ 

The  conditions  of  absorption  and  the  nature  of  the  change 
which  occurs  have  already  been  discussed  in  Vol.  I.  pp.  157-161, 
and  more  recent  investigations  have  not  led  to  any  definite 
conclusion.^ 

The  product  containing  hydrogen  often  becomes  heated  on 

i  Phil.  Mag.,  1866,  32,  516. 

■'  Hemptinne,  Zeit.  physikal.  Oiiem.,  1899,  27,  429  ;  Shields,  Proc.  Roy.  Soc. 
Edin.,  1898,  22,  169  ;  Winkelmann,  Ann.  Physik,  1901,  [4],  6,  104  ;  1905,  [4], 
16,  773;  Schmidt,  ibid.,  1904,  [4],  13,  747;  Paal  and  Amberger,  Ber., 
1905,  38,  1394,  2414;  Richardson,  Proc.  Phil.  Soc.  Camb.,  1905,  13,  27; 
Fischer,  Ann.  Physik,  1906,  [4],  20,  503. 
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exposure  to  the  air  from  absorption  of  oxygen  and  formation 
of  water,  and  when  palladium  black  has  been  employed  this 
action  may  be  sufficiently  vigorous  to  render  the  powder 
pyrophoric  (Paal  and  Amberger).  Palladium  foil  charged  with 
hydrogen  acts  as  an  excellent  reducing  agent,  reducing  ferric 
and  eerie  salts,  ferricyanides  and  chromates,  and  may  be 
employed  for  this  purpose  in  quantitative  analysis.^ 

Colloidal  palladium  readily  absorbs  hydrogen,  and  in  this 
way  colloidal  palladium-hydrogen  has  been  obtained  both  in 
the  solid  state  and  in  solution  (Paal  and  Amberger). 

The  specific  gravity  of  palladium-hydrogen  is  less  than  that  of 
the  metal,  hence  expansion  must  occur  in  the  formation  of  the 
compound.  This  expansion  can  be  shown  in  several  ways.  One 
of  the  most  striking  is  to  fit  two  palladium  wires  horizontally 
through  the  edges  of  a  thin  electrolytic  trough  with  parallel 
glass  sides.  The  trough  is  then  filled  with  acidulated  water, 
placed  in  the  focus  of  the  oxy-hydrogen  or  electric  light,  and 
the  image  of  the  wires  thrown  on  the  screen.  An  electric 
current  is  now  passed  through  the  cell,  when  a  singular  bending 
of  the  palladium  wire  from  which  the  hydrogen  is  evolved  is 
noticed.  If  the  current  be  reversed  this  wire  first  returns  to 
its  original  horizontal  position,  and  then  bends  to  the  opposite 
side,  whilst  the  other  wire  is  deflected  in  the  former  direction  ; 
the  explanation  of  this  double  bending  being  that  first  one  side, 
and  then  the  other  side  of  the  wire  becomes  saturated  with,  or 
loses  the  hydrogen.^. 

If  one  side  of  a  piece  of  palladium  foil  be  saturated  electro- 
lytically  with  hydrogen,  then  taken  out  of  the  liquid,  washed 
and  dried,  and  afterwards  ignited,  it  becomes  so  bent  that  it  has 
almost  the  appearance  of  having  been  rolled  up  into  a  coil. 

The  arrangement  shown  in  Fig.  199  is  that  proposed  by 
Wohler®  for  exhibiting  the  decomposition  of  palladium  hy- 
drogen by  heat  and  the  reabsorption  of  the  hydrogen  on  cooling 
The  U-tube  (a)  dipping  in  boiling  water  contains  the  spongy 
palladium,  over  which  a  current  of  hydrogen  is  passed  for  half 
an  hour  from  the  cylindrical  generator  on  the  right  of  the  figure. 
The  water  bath  is  then  removed  and  the  tube  allowed  to  cool  m 
the  current  of  hydrogen.     The  stop-cock  (d)  is  now  shut,  and 

1  Chapman,  ^HO?2/s<,  1904,  29,  346. 

2  Poggendorff,  Ber.,   1869,   2,  74;   see  also  Dewar,  Phil.  Mag.,  1887,   14J 
47,  3.34. 

3  Anna/en,  1876,  184,  128. 
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the  tube  (a)  placed  in  communication  with  the  tube  (b).  This 
latter  dips  in  the  cylinder  and  is  bent  up  at  the  lower  end  into 
the  tube  (c).  The  tube  (a)  is  next  heated  with  a  flame,  when  the 
cylinder  soon  becomes  filled  with  hydrogen,  and  on  allowing 
the  spongy  metal  to  cool,  a  rapid  absorption  of  the  hydrogen 
occurs.  The  experiment  can,  of  ceurse,  be  repeated  as  often  as 
desired. 

Palladium  Salts. 

619  Palladious  Chloride,  PdCl^,  is  obtained  by  heating  palla- 
dious  sulphide,  PdS,  in  dry  chlorine,  when  it  is  obtained  partly  as 


Fig.  199. 


a  rose-red  sublimate  and  partly  in  tlie  form  of  garnet-red  crystals 
which  dissolve  slowly  but  completely  in  water.  It  is  prepared 
in  solution  by  the  simultaneous  action  of  chlorine  and  hydro- 
chloric acid  on  the  metal.  On  evaporation  over  caustic  lime, 
brown-red  crystals,  having  the  composition  PdCl2,2H20  are 
deposited.  These  lose  water  when  gently  heated,  the  anhydrous 
chloride  remaining  as  a  brownish-black  mass  which  melts  easily 
without  decomposition,  and  is  reduced  by  hydrogen  in  the  cold. 
At  a  red-heat  it  fuses  and  loses  half  of  its  chlorine,  forming  the 
monochloride,  PdCl,  which,  on  cooling,  solidifies  to  a  reddish- 
brown  crystalline  mass  yielding  a  light-red  powder  which  is 
very  deliquescent.  The  aqueous  solution  partially  decomposes 
with  separation  of  basic  salts,  and  the  solution  is  reduced  by 
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hydrogen,  carbon  monoxide,  and  other  gases.^  When  heated, 
palladious  chloride  unites  with  carbon  monoxide,^  forming  the 
crystalline  compounds,  PdCl2,2CO,  melting  at  142^  2PdCl2,3CO, 
melting  at  132°,  and  PdClj.CO.  These  substances  are 
analogous   to   the   corresponding    platinum    compounds. 

Palladious  chloride  forms  double  chlorides  with  other  chlo- 
rides, which  are  known  as  ^palladiochlorides  or  chloropalladites? 
A  very  large  number  of  these  salts  of  organic  bases  have 
been  prepared.* 

Putassium  Palladiochloride,  KjPdCl^,  is  obtained  by  adding 
potassium  chloride  to  a  solution  of  palladious  chloride.  It  may 
also  be  prepared  by  ignition  of  potassium  palladichloride. 
It  is  easily  soluble  in  water,  less  so  in  alcohol,  and  crystallises 
in  four-sided  prisms,  which  when  viewed  in  the  direction  of  the 
primary  axis  have  a  red,  but  in  other  directions  exhibit  a  light- 
green,  colour. 

Ammonium  Palladiochloride,  (NH^)2PdCl4,  is  obtained  by 
evaporating  a  solution  of  palladium  chloride  with  ammonium 
chloride.  It  forms  either  bronze-yellow  prisms  exhibiting  a  play  of 
different  colours,  or  yellowish-green  needles,  and  dissolves  in 
water,  forming  a  dark-red  solution. 

Palladia  Chloride,  PdCl^,  is  not  known  in  the  free  state. 
The  brown  solution  obtained  by  dissolving  the  metal  in  con- 
centrated aqua  regia  contains  palladichloric  or  chloropalladic 
acid,  HgPdClg,  corresponding  to  platinichloric  acid ;  this  forms 
salts  with  the  alkali  metals  and  certain  aromatic  bases.* 

Potassium  Palladichloride,  KaPdCl^,  is  obtained  by  adding 
potassium  chloride  to"  a  solution |of  the  metal  in  an  excess  of 
aqua  regia  and  gently  evaporating.  It  is  also  prepared  by 
precipitating  a  solution  of  palladious  chloride,  saturated  with 
chlorine,  with  an  excess  of  potassium  chloride.  It  forms 
cinnabar-red  or  brownish-red  octahedra  showing  the  faces  of 
the  cube.  These  dissolve  in  hot  dilute  hydrochloric  acid  with- 
out decomposition,  but  are  not  soluble  in  water  containmg  the 
chlorides  of  the  alkali  metals,  or  in  alcohol. 

Ammonium    Palladichloride,   (NHJ^PdCle,   is   a   bright-red 

'  Bottger,  /.  pr.  Ohem.,  1859,  76,  233. 

'  Fink,  Cornet,  rend.,  1898,  126,  646. 

»  See  Gutbier  and  Krell,  Ber.,  1905,  38,  2385. 

*  Gutbier,  Ber.,  1905,  38,  2105;  Zeit.  anorg.  Chem.,  1905,  47,  23  ;  Gutbier 
and  Krell,  Ber.,  1905,  38,  3869;  1906,  39,  616,  1292;  Gutbier  and  Woernle, 
Ber.,  1906,  39,  2716. 

»  Mohlau,  Ber.,  1906,  39,  861. 
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crystalline  powder,  consisting  of  microscopic  octahedra.  It  is 
obtained  by  precipitating  a  solution  of  the  chloride,  saturated 
with  chlorine,  by  ammonium  chloride.  On  treating  the  solution 
with  an  excess  of  ammonia  a  violent  evolution  of  nitrogen  takes 
place,  ammonium  palladiochloride  being  formed  : 

SCNHJ^PdClg + 2NH3  =  3(NH  J^PdCl, + 6HC1  +  N^. 

Palladious  Bromide,  PdBrg,  is  obtained  by  treating  the  metal 
with  bromine  hydrate  and  nitric  acid,  and  forms  a  chestnut-brown 
mass  which  dissolves  in  hydrobromic  acid  but  not  in  water. 

Potassium  palladiobromide,  KgPdBr^,  crystallises  in  lustrous 
reddish-brown  needles  which  are  stable  in  the  air.  Many 
analogous  salts  are  known  (Gutbier  and  Krell). 

Palladic  Bromide,  PdBr^,  is  not  known,  but  the  pciUadi- 
hromides  of  the  a,lkaii  metals,  R^P'^Ei'e'  have  been  prepared  by 
passing  bromine  vapour  into  the  solutions  of  the  corresponding 
palladiobromides.  They  are  sparingly  soluble  salts  which  are 
decomposed  by  hot  water  and  by  ammonia  (Gutbier  and  Krell). 

Palladious  Iodide,  Pdl,,  is  obtained  by  precipitating  the 
chloride  with  potassium  iodide  as  a  black  flocculent  precipitate 
which,  when  dried  in  the  air,  forms  a  deliquescent  mass  exhibit- 
ing a  conchoidal  fracture.  It  dissolves  slowly  in  hydriodic 
acid  and  readily  in  a  solution  of  potassium  iodide,  imparting  to 
this  a  wine-red  colour.  When  heated  to  100°  it  begins  to  give 
off  iodine,  and  it  decomposes  completely  at  temperatures  between 
330°  and  360°.  The  solution  in  potassium  iodide  yields  on 
evaporation  blackish-green  deliquescent  cubes. 

Palladium  Subsulphide,  PdjS,  is  obtained  by  fusing  am- 
monium palladiochloride  with  sodium  carbonate,  sulphur,  and 
ammonium  chloride.  A  green  molten  mass  is  thus  obtained 
which  crystallises  on  cooling  and  exhibits  a  metallic  fracture. 
It  is  only  slowly  attacked  by  aqua  regia. 

Palladium  Monosulphide,  PdS,  is  formed  with  incandescence 
when  the  metal  is  heated  in  the  vapour  of  sulphur.  It  is  a 
bluish-white  hard  mass,  which  exhibits  a  laminated  fracture  and 
a  metallic  lustre,  and  oxidises  only  slowly  in  the  air.  A  black 
precipitate  is  formed  by  passing  sulphuretted  hydrogen  through 
a  solution  of  a  palladious  salt ;  this  is  generally  supposed  to 
be  palladious  sulphide,  but  according  to  Petrenko-Kritchenko  ^ 
it  always  contains  more  sulphur  than  is  required  by  the 
formula  PdS. 

1  Zeit.  anorg.  Chem.,  1893,  4,  247. 


PALLADIUM   DISllLPHIDE  1345 

Palladium  Bisulphide,  PdSj. — When  the  foregoing  compound 
is  fused  with  sodium  carbonate  and  sulphur,  sodium  thiopalladate, 
NagPdSg,  is  formed.  This  crystallises  in  reddish-brown  needles, 
having  a  slightly  metallic  lustre.  It  is  decomposed  by  hydro- 
chloric acid  with  formation  of  the  disulphide,  which  is  a  crystal- 
line dark-brown  powder  easily  soluble  in  aqua  regia.  When 
heated  in  carbon  dioxide  it  is  first  converted  into  the  mono- 
sulphide,  and  at  a  higher  temperature  into  the  subsulphide. 

A  salt  of  the  formula  (NH^)2PdSii,iH20  crystallises  slowly 
in  slender  yellowish-red  needles  when  solutions  of  ammonium 
polysulphide  and  potassium  palladiochloride  are  mixed.^ 

Sodium  Falladiosulphite,  [Pd(S03)^]Nag,2H20,  is  obtained 
as  a  white  crystalline  precipitate  by  adding  caustic  soda  to  a 
solution  of  the  chloride  which  has  been  saturated  with  sulphur 
dioxide. 

PaUadious  Sulphate,  PdS04,H20,  is  obtained  by  dissolving 
the  hydroxide  in  sulphuric  acid,  or  by  dissolving  the  metal  in 
the  same  solvent  with  the  addition  of  nitric  acid.  It  forms 
indistinct  olive-green  deliquescent  crystals  which  are  decom- 
posed by  water  with  formation  of  a  basic  salt,  PdS04,7Pd(OH)2, 
as  a  brown  insoluble  powder. 

Potassium  Palladionitrite,  [Pd(N02)4]K2,  is  obtained  on 
addition  of  potassium  nitrite  to  a  hot  solution  of  potassium 
palladiochloride  as  a  pale-yellow  crystalline  powder,  the 
production  of  which  serves  as  a  microchemical  test  for 
palladium.^ 

Numerous  complex  nitrites,  sulphites,  phosphates,  and  oxalates 
have  also  been  described.^ 

Palladious  Nitrate,  Pd(N03)2,  is  formed  by  dissolving  the 
metal  or  the  oxide  in  nitric  acid.  It  crystallises  in  long 
brownish-yellow  rhombic  prisms  which  probably  contain  water 
of  crystallisation,  and  are  very  deliquescent,  A  brown  powder 
of  Pd(N03)2,3Pd(OH)2  is  formed  on  the  addition  of  water  to 
the  solution. 

Palladious  Cyanide,  PdCyg,  is  obtained  as  a  pale-yellow 
precipitate  on  addition  of  mercuric  cyanide  solution  to  a  solu- 
tion of  palladious  salt,  which  must  contain  no  free  acid  and 
should  not  be  too  dilute.     On  solution  in  potassium  cyanide 

'  Hofmann  and  Hbchtlen,  Ber.,  1904,  37,  245. 

«  Pozzi-Escot  aad  Couquet,  Oompt.  rend.,  1900,  130,  1073. 

3  Rosenheim  and  Itzig,  Zeil.  anorg.  Ohem.,  1900,  23,  28 ;  Vezeg,  Bull  Soc. 
chim.,  1899,  [3],  21,  172;  Loiseleur,  Oompt.  rend.,  1900,  131,  262;  Tmck, 
ibid.,  1896,  123,  603. 
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and  evaporation,  transparent  thin  rhombic  prisms  of  potassium 
palladiocyanide,  K2[PdCy4],3H20,  or  small  tablets  containing 
iHjO  are  obtained.  The  cyanide  is  also  soluble  in  acids  and  in 
ammonia,  and  the  latter  solution  yields  palladosammine  cyanide, 
[Pd(NH3)2Cy2],  in  needles  or  in  crystalline  scales  possessing 
a  pearly  lustre. 

Palladious  TMocyanate,  Pd(SCy)2  is  a  reddish  flocculent 
precipitate,  and  dissolves  in  potassium  thiocyanate  solution 
forming  potassium  palladiothiocyanate,  K2[Pd(SCy)J,  which 
crystallises  in  ruby-red  needles.^ 

Ammoniacal  Palladium  Compounds. 

620  These  have  been  investigated  chiefly  by  Hugo  Miiller,^ 
and  are  formed  by  the  action  of  ammonia  on  palladious  salts. 
They  appear  to  belong  to  two  series : 

Palladosammine  compounds,  [Pd(NHg)2X2], 
Palladodiammine  compounds,  [Pd(NH3)JX2, 

and  are  analogous  to  the  corresponding  platinum  compounds 
(p.  1399).  Unstable  hydroxylamine  derivatives  have  also  been 
prepared  which  probably  belong  to  the  same  two  series.* 

An  extended  investigation  of  the  palladosammine  salts  in 
which  ammonia  is  replaced  by  organic  nitrogen  bases  has  been 
carried  out  by  Gutbier  and  his  colleagues.* 

In  addition  to  these,  pyridine  derivatives  of  the  type 
[Pd(NH3)2Cl2]Cl2,  derived  from  tetravalent  palladium,  have 
been  described.^ 

Palladosammine  Hydroxide,  [(OH)2(NH3)2Pd],  is  obtained  by 
the  decomposition  of  the  sulphate  with  baryta  water,  or  of  the 
chloride  with  silver  oxide  and  water.  The  yellow  solution 
thus  obtained  when  dried  over  sulphuric  acid  yields  a  crystal- 
line ochre-yellow  mass.  The  solution  has  all  the  properties  of 
a  solution  of  an  alkali  hydroxide. 

Dichloro-diammine  Palladium  or  Palladosammine  Uhloride 
[Cl2(NH3)2Pd],  is  obtained  by  the  addition  of  an  excess  of 
ammonia   to   palladious  chloride   and   either   evaporating,  or, 

'  Bellueci,  Atti  M.  Accad.  Lincei,  1904,  [5],  13,  ii,  386. 
=  Anncden,  1853,  86,  341. 
•*  Zeiael  and  Nowack,  Annalen,  1907,  351,  439. 

^  Ber.,  1905,  38,  2107,  3869 ;  1906,  39,  616,  1292,  2716 ;  Zeit.  anorg.  Ghem., 
1905,  47,  23  ;  see  also  Hardin,  J.  Amer.  Ghem.  Soc,  1899,  21,  943. 
^  Rosenheim  and  Maas,  Zeit.  anorg.  Chem.,  1898,  18,  331. 
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better,  precipitating  the  salt  by  means  of  hydrochloric  acid. 
It  forms  fine  yellow  needles,  which  consist  of  glistening 
octahedra  placed  one  upon  the  other,  and  is  almost  insoluble  in 
water. 

Tetramminepalladious  Hydroxide  or  Falladodiammine  Hy- 
droxide, [(NH3)^Pd](OH)2,  is  obtained  by  the  decomposition  of 
the  sulphate  with  baryta  water.  It  is  a  colourless  crystalline 
mass,  the  aqueous  solution  of  which  has  a  strong  alkaline 
reaction,  precipitates  the  salts  of  copper,  iron,  cobalt,  nickel,  and 
aluminium,  but  not  those  of  silver,  and  decomposes  ammoniacal 
salts. 

Tntramviinepalladious  Chloride  or  Falladodiammine  Chloride, 
[(NH3)^Pd]Cl2,  is  formed  by  the  repeated  evaporation  of  pal- 
ladious  chloride  with  ammonia.  It  crystallises  in  large,  colour- 
less, four-sided,  monoclinic  prisms,  and  is  easily  soluble  in 
water. 

The  dmlle  salt,  [Pd(NH3)4]Cl2,PdCl2,  known  as  Vauquelin's 
salt,  is  obtained  by  the  action  of  a  slight  excess  of  ammonia  on 
palladious  chloride. 

Detection  and  Estimation  of  Palladium. 

621  The  two  most  characteristic  reactions  of  palladium  are  (1) 
the  precipitation  of  its  hydrochloric  acid  solution  by  potassium 
cyanide,  the  yellowish-white  palladium  cyanide  being  thrown 
down,  soluble  in  both  hydrochloric  acid  and  ammonia ;  and  (2) 
the  production  of  a  black  precipitate  of  palladious  iodide, 
insoluble  in  hydrochloric  acid,  when  potassium  iodide  or  freshly 
precipitated  silver  iodide  is  added  to  a  palladium  solution.  By 
these  reactions  it  may  be  separated  from  all  metals,  with  the 
exception  of  copper,  and  this  may  be  previously  removed, 
according  to  Wohler,  by  precipitation  as  cuprous  thiocyanate, 
after  saturation  with  sulphur  dioxide. 

Palladium  is  estimated  gravimetrically  as  the  metal, 
obtained  by  the  ignition  of  the  cyanide  or  by  the  reduction  of 
the  salts  with  a  hydrazine  salt  ^  in  acid  solution.^  Palladium 
may  be  estimated  also  by  precipitating  with  acetylene  and 
igniting  the  precipitate,^  and  by  weighing  the  metal  deposited 
electrolytically  with  a  rotating  anode.* 

1  Jannasch  and  Bettges,  Ber.,  1904,  37,  2210. 

^  Jannasch  and  Rostosky,  Ber.,  1904,  37,  2441 ;  Paal  and  Amberger,  Ber., 
1905,  38,  1388. 
'  Erdmann  and  Makowka,  Ber.,  1904,  37,  2694. 
*  A«iberg,  Zeit.  EUhirochern.,  1904, 10,  385. 
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Atomic  Weight  of  Palladium. — Until  the  year  1889  the  only 
determination  of  the  atomic  weight  of  palladium  was  that  of 
Berzelius,  who  obtained  the  number  106  by  the  analysis  of 
potassium  palladiochloride.  Since  1889  the  atomic  weight  has 
been  redetermined  by  several  investigators,  but  the  different 
results  vary  considerably.  Keiser^  by  the  determination  of 
the  palladium  in  palladosammine  chloride  found  the  number 
106'5,  and  in  a  later  determination  by  the  same  method, 
using  very  carefully  purified  material,  Keiser  and  Breed  ^  found 
the  value  106'47.  Bailey  and  Lamb^  by  the  same  method 
found  the  number  105-7,  and  a  value  closely  agreeing  with 
this,  viz.,  105'8,  was  obtained  by  Joly  and  Leidi6*  by  the 
analysis  of  potassium  palladiochloride.  Keller  and  Smith,^  on 
the  other  hand,  from  the  electrolytic  determination  of  the 
metal  in  palladosammine  chloride  obtained  the  much  higher 
number  107'1. 

A  high  figure,  106'99,  was  also  obtained  by  Hardin®  who 
estimated  the  metal  in  diphenylpalladodiammonium  chloride, 
Pd[NH2(CgHj)Cl]2,  and  the  corresponding  bromide,  and  in 
ammonium  palladiobromide.  On  the  other  hand,  Amberg' 
has  obtained  a  lower  number,  106'64,  by  the  analysis  of 
palladosammine  chloride,  the  chlorine  and  the  metal  being 
both  estimated.  Shinn*  reduced  the  double  chloride  of 
palladium  and  ammonium  with  formic  acid,  and  found  as  the 
mean  atomic  weight  the  figure  106'71.  The  most  probable 
value  is  (1913)  taken  as  106-7. 


SUB-GROUP   (c).     THE   PLATINUM   GROUP. 
Osmium.         Iridium.         Platinum. 

622  These  metals  are  distinguished  by  their  high  specific 
gravity  and  melting  point.  Osmium  alone  forms  a  tetroxide, 
thus  resembling  ruthenium. 

The  tendency  to  form  complex  salts  is  exceedingly  strongly 
marked,  and  with  the  exception  of  the  sulphides  and  halogen 
derivatives,   very   few  simple  salts  are  known.     Such  as  are 

1  Amer.  Ghem.  J.,  1889,  11,  .398.  «  j^^^r.  Chem.  /.,  1894,  16,  20. 

"  Journ.  Chem.  Soc,  1892,  61,  745.  *  Cornet,  rend.,  1893,  116,  146. 

s  Amer.  J.  Sci.,  1892,  44,  423. 

8  /.  Amer.  Chem.  Soc,  1899,  21,  943.  '  Annalen,  1905,  341,  235. 

»  /.   Amer.    Chem.   Soc,  1912,  34,   1448.      Compare   Gutbier,   Has8,  and 
Gebhardt,  /.  pr.  Chem.,  1909,  79,  457. 
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known  have  the  general  formulae  MR^,  MR3,  and  MR^,  corre- 
sponding to  the  basic  oxides  MO,  M^Og,  and  MO2,  but  the 
series  MR3  is  scarcely  represented  among  the  platinum  com- 
pounds. The  most  important  of  the  series  of  the  complex  salts 
are  the  halogen  acids  and  their  derivatives,  such  as  KgPtCI^, 
KglrClg,  and  KjOsClg,  the  complex  nitrites,  such  as  K3lr(N02)g 
and  K2Pt(]Sr02)4,  the  complex  cyanides  and  thiocyanates,  such 
as  K^PtCCNX  and  K^PtCSCN)^,  the  sulphites,  and  above  all  the 
ammoniacal  derivatives. 


OSMIUM.      08=190-9. 

623  In  1803  Smithson  Tennant  investigated  the  metallic 
residue  which  remains  when  platinum  ores  are  dissolved,  and  this 
he  believed  to  contain  a  new  metal.  At  the  same  time  Descotils, 
as  well  as  Fourcroy  and  Vauquelin,  examined  the  same  subject, 
and  also  came  to  the  conclusion  that  the  solution  contained  a 
peculiar  metal.  However,  in  1804  Tennant  ^  proved  that  the 
platinum  residues  contained  two  new  metals,  to  one  of  which  he 
gave  the  name  of  iridium,  on  account  of  the  varying  colour  of 
its  salts,  and  to  the  other  the  name  osmium  (6o-ya?f,  a  smell), 
because  of  the  peculiar  odour  which  its  volatile  oxide  possesses. 
Osmium  is  found  in  platinum  ores  in  the  form  of  an  alloy  with 
iridium,  known  as  osmiridium,  which  is  described  under  iridium 
(p.  1361).  It  may  be  easily  separated  from  the  other  members 
of  the  platinum  group  by  means  of  its  property  of  combining 
directly  with  oxygen  to  form  a  very  volatile  tetroxide,  OsO^. 
This  compound  is  obtained,  in  a  more  or  less  pure  state,  in 
the- course  of  the  preparation  of  the  other  platinum  metals,  and 
especially  of  ruthenium  (see  p.  1819).  The  solution  thus  obtained 
may  be  precipitated  with  ammonia  and  ammonium  sulphide, 
and  the  precipitated  sulphide  mixed  with  sodium  chloride,  and 
heated  in  a  slow  current  of  chlorine.  The  mass  when  lixiviated 
yields  sodium  osmichloride,  NaaOsClg,  and  from  this  solution 
ammonium  osmichloride  is  thrown  down  by  ammonium  chloride. 
This  is  next  washed  with  ammonium  chloride  solution,  and  then 
heated  in  a  covered  crucible,  when  spongy  osmium  is  obtained. 
The  sulphide  may  also  be  simply  heated  in  a  well-covered 
carbon  crucible  'to  the  temperature  of  the  melting  point  of 
nickel, 

1  Phil.  Trmu;  1804,  94,  411. 
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Pure  osmium  was  obtained  by  Deville  and  Debray,^  by  passing 
the  vapour  of  the  pure  tetroxide  mixed  with  carbon  monoxide 
and  carbon  dioxide  through  a  red-hot  porcelain  tube.  Thus 
prepared,  the  metal  assumes  the  form  of  an  amorphous  powder, 
which  is  converted  into  the  crystalline  variety  when  fused  with 
from  three  to  four  times  its  weight  of  tin  in  a  charcoal  crucible, 
the  crystalline  alloy  treated  with  hydrochloric  acid,  and  the 
residue  heated  in  a  current  of  hydrogen  chloride. 

The  crystalline  form  of  osmium  is  either  that  of  the  cube  or 
of  a  very  obtuse  rhombohedron.  The  crystals  possess  a  bluish- 
white  colour  with  violet  lustre,  are  harder  than  glass,  and  possess 
a  specific  gravity  of  22'477.  Hence  osmium  is  the  heaviest  of 
known  bodies,  and  it  is  likewise  one  of  the  most  infusible  and 
least  volatile  of  the  metals.  The  melting  point  of  the  metal  is 
about  2500" ;  it  may  be  distilled  at  the  highest  temperature  of 
the  electric  furnace,  but  the  volatilisation  takes  place  much 
more  slowly  than  that  of  the  other  platinum  metals.^ 

Osmium  undergoes  oxidation  somewhat  readily  when  finely 
divided,  being  oxidised  and  volatilised  when  heated  in  air  below 
212°  and  in  oxygen  below  170°,  but  not  below  155°.  When 
strongly  heated  in  air  oxidation  of  the  compact  metal  also  takes 
place,  and  this  .operation  is  attended  with  great  danger  owing 
to  the  formation  of  the  highly  poisonous  tetroxide.  Deville  in 
this  manner  was  rendered  almost  blind  for  twenty-four  hours 
by  having  accidentally  become  exposed  to  the  vapour  of  the  ' 
tetroxide.  This  substance  produces  the  most  violent  pain 
and  inflammation  of  the  conjunctiva,  and  vision  is  permanently 
injured  by  the  subsequent  reduction  of  a  film  of  metallic 
osmium.^ 

Crystalline  osmium  is  not  attacked  even  by  aqua  regia,  and 
must  be  brought  into  solution  by  fusion  with  sodium  peroxide, 
caustic  soda,  and  potassium  nitrate,  or  barium  peroxide  and 
nitrate ;  the  amorphous  metal,  on  the  other  hand,  is  readily 
dissolved  by  fuming  nitric  acid,  more  slowly  by  aqua  regia. 

On  account  of  its  high  melting  point,  osmium  has  been  em- 
ployed for  the  preparation  of  the  filaments  of  incandescent 
electric  lamps,  but  owing  to  its  high  cost  tungsten  is  now  more 
generally  employed,  and  the  alloy  osmiridium,  or  osrid,  which 
is  not  attacked  by  acids,  is  employed  for  tipping  gold  fountain 

'  Gompt.  rend.,  1876,  82,  1076. 

'^  Moissan,  Gompt.  rend.,  1906,  142,  189. 

3  Ann.  Ghim.  Phya.,  1859,  [3],  56,  400. 
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pens,  and,  inasmuch  as  it  is  unoxidisable  and  non-magnetic,  it 
has  been  employed  for  the  bearings  of  the  mariner's  compass 
and  watch  bearings. 

Colloidal  Osmium. — The  metal  may  be  obtained  in  the  colloidal 
condition  by  reducing  potassium  osmate  with  hydrazine  hydrate 
in  presence  of  sodium  lysalbate  or  protalbate^  or  gum  arable,^ 
and  dialysing  the  product.  This  still  contains  oxygen,  which  is 
removed  by  heating  in  hydrogen  at  30-40°,  the  residue  being 
completely  soluble  in  water.  It  eifects  the  catalytic  decompo- 
sition of  hydrogen  peroxide  more  rapidly  than  any  of  the  other 
colloidal  metals  of  this  group. 


COMPOUNDS  OF  OSMIUM. 

Osmium  and  Oxygen. 


624  The  following  oxides  are  known  : 

Osmium  Monoxide, 
Osmium  Sesquioxide, 
Osmium  Dioxide, 
Osmium  Tetroxide, 

OsO, 
OsPg, 
OSO2, 
OsO,. 

In  addition  to  these,  osmic  acid,  HjOsO,,  and  its  salts  are 
known,  but  the  corresponding  oxide  has  not  been  prepared. 

The  first  three  of  these  oxides  acb  as  feeble  basic  oxides,  but 
very  few  of  their  salts  have  as  yet  been  examined,  only  the 
sulphite  and  chloride  corresponding  to  the  monoxide,  and 
double  chlorides  of  the  formula  SMiCl.OsClg,  corresponding  to 
the  sesquioxide,  being  known.  The  chloride,  OsCl,  has,  how- 
ever, been  prepared  along  with  double  chlorides  corresponding 
to  the  derivatives  of  platinichloric  acid.  Osmic  acid  forms  a 
series  of  osmates  with  the  alkali  metals,  whilst  the  tetroxide 
yields  a  neutral  solution  in  water,  and  forms  salts  with  neither 

acids  nor  bases. 

Osmium  Monoxide,  OsO,  is  obtained  when  the  correspondmg 
sulphite  mixed  with  sodium  carbonate  is  ignited  m  a  current 
of  carbon  dioxide.      It   is   a   greyish-black   powder   msoluble 

in  acids.  .      1  ,,     • 

OsmiAim  Sesquioxide,  Os.Og,  is  a  black  powder,  msoluble  m 
acids,  obtained  by  heating  its  salts  with  sodium  carbonate  m  a 


1  Paal  and  Amberger,  Ber.,  1907,  40,  1392,  2201. 

2  Gutbier  and  Hofmeier,  /.  pr.  Chm-,  1905,  [2],  71,  ioZ, 
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current  of  carbon  dioxide.  Deville  and  Debray  obtained  this 
oxide  in  copper-red  scales,  together  with  the  metal,  by  the 
reduction  of  the  tetroxide.  A  brownish-red  hydroxide  is 
precipitated  by  alkalis  from  solutions  of  the  osmochlorides  of 
the  alkali  metals. 

Osmmm  Dioxide,  OsOg,  is  obtained  from  its  salts  in  a  similar 
way  to  the  foregoing  oxides.  It  is  likewise  formed  when  its 
hydroxide  is  heated  in  a  current  of  carbon  dioxide.  Prepared 
in  this  way  it  forms  masses  having  a  coppery  lustre.  It  does 
not  decompose  in  absence  of  air  even  at  a  red-heat,  but  when 
mixed  with  combustible  bodies  it  deflagrates  on  heating. 

When  caustic  potash  is  added  to  a  solution  of  potassium 
osmichloride,  and  when  the  aqueous  solution  of  the  tetroxide  is 
mixed  with  alcohol  or  other  reducing  agent,  or  when  potassium 
osmate  is  exposed  to  sunlight  or  treated  with  nitric  acid,  a 
black  precipitate  is  obtained,  which  according  to  Glaus  and 
Jacoby^  is  osmium  tetrahydr oxide,  Os(OH)^.  Moraht  and 
Wischin,^  however,  find  that  this  in  reality  consists  of  osmic 
acid,  HgOsO^. 

Osmium  Trioxide,  OsOg,  is  unknown,  but  the  corresponding 
osynic  acid,  HjOsO^,  is  stated  by  Moraht  and  Wischin  to  be 
produced  in  the  manner  just  described.  After  drying  over 
phosphoric  oxide  it  forms  a  black  powder,  which  oxidises  in  the 
air  to  the  tetroxide,  and  readily  reacts  with  sulphuretted 
hydrogen,  forming  an  oxy-sulphide,  OsjOaSg.HgO.  It  dissolves 
in  nitric  acid  to  form  the  tetroxide,  and  in  hydrochloric  and 
hydrobromic  acids  bo  form  mixtures  of  salts. 

Potassium  Osmate,  K20sO^,2H20,  is  obtained  by  the  addition 
of  alcohol  or  other  reducing  agents  to  the  solution  of  the 
tetroxide  in  caustic  potash.  The  liquid  then  becomes  of  a  fine 
red  colour,  and  when  it  is  sufficiently  concentrated  the  salt 
separates  out  as  a  crystalline  powder.  When  slowly  crystallised 
it  forms  octahedra  which,  according  to  their  size,  are  of  a  garnet- 
red  or  almost  black  colour.  They  possess  a  sweet  astringent 
taste,  and  do  not  undergo  change  on  exposure  to  dry  air,  but 
both  in  solution  and  in  moist  air  they  decompo.se,  especially  on 
addition  of  an  acid,  with  formation  of  tetroxide  and  lower 
oxides. 

The  sodium  salt  crystallises  less  easily,  and  yields  an  aqueous 
solution  having  a  rose-red  colour,  from  which  barium  chloride 
precipitates  BaOsO^  as  an  amorphous,  green,  flocculent  pre- 
'  /.  pr.  Uhem.,  1863,  90,  65.  2  ^^it.  anorg.  Ghem.,  1893,  3,  153. 
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cipitate,  which  after  a  while  changes  to  lustrous,  black,  prismatic 
crystals. 

Osmium  Tetroxide  or  Perosmic  Anhydride  (commonly  called 
osmic  acid),0s04. — -Very  finely  divided  metallic  osmium  oxidises 
slowly  at  the  ordinary  temperature,  and  at  about  400°  takes  fire 
with  formation  of  the  above  oxide.  The  denser  the  metal  the 
higher  is  the  temperature  needed  for  oxidation.  Osmium 
tetroxide  may  be  obtained  also  by  heating  the  metal  in  a 
current  of  steam,  and  by  dissolving  the  lower  oxides  or  the 
metal  in  nitric  acid  or  aqua  regia.  These  reagents,  however, 
do  not  attack  the  metal  after  it  has  been  strongly  ignited. 
Osmium  tetroxide  sublimes  in  transparent,  glistening  needles 
which  become  soft  and  may  be  moulded  in  the  hand  like  wax, 
and  melt  at  a  lower  temperature  than  this  substance.  They 
begin  to  sublime  at  a  very  moderate  heat,  and  the  fused  oxide 
boils  at  100°,  yielding  a  colourless  vapour  with  a  specific 
gravity  of  8'89,  which  is  slightly  greater  than  the  calculated 
val  ue.  The  crystals  dissol  ve  readily  in  water,  forming  a  colourless 
liquid  which  does  not  redden  litmus  paper,  and  possesses  a  caustic 
and  burning  taste.  It  has  a  most  powerful  penetrating  smell, 
somewhat  analogous  to  that  of  chlorine  and  iodine.  A  very 
small  quantity  of  vapour  mixed  with  air  attacks  the  lungs, 
giving  rise  to  very  serious  inflammation  of  the  mucous  mem- 
brane. As  an  antidote  to  the  effects  of  the  tetroxide  Glaus 
recommends  the  inhalation  of  sulphuretted  hydrogen,  which, 
however,  must  be  cautiously  employed.  Osmium  tetroxide  also 
acts  violently  on  the  skin,  causing  a  painful  eruption  which  can 
be  removed  by  the  use  of  sulphur  baths.  The  vapour  also  acts, 
as  has  been  stated,  most  violently  on  the  eyes,  and  may  produce 
most  serious  consequences.^ 

When  heated  on  red-hot  charcoal  it  deflagrates  like  nitre. 
It  is  easily  converted  into  lower  oxides  by  reducing  substances, 
and  its  alkaline  solution  when  boiled  with  a  salt  of  formic  acid 
yields  a  blue  precipitate.  Sulphur  dioxide  colours  the  aqueous 
solution  yellow,  then  brown,  green,  and  at  last  indigo-blue. 

It  is  used  in  microscopic  work  for  staining  preparations,  the 
oxide  being  reduced  to  metallic  osmium. 

1  Deville  and  Debray,  4m.  Chim.  Phys.,  1859,  [3],  56,  400  ;  Compt.  rend., 
1874,  78,  1509. 
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Osmium  and  the  Halogens. 

625  Osmium  Bichloride,  OsClg,  is  obtained  in  very  small 
amount  by  heating  osmium  in  chlorine,  as  a  brownish-black 
powder  which  forms  a  dark- violet  coloured  unstable  solution  in 
water. 

Osmium  Trichloride,  OsClg. — When  osmic  acid  is  boiled  for 
a  long  time  with  concentrated  hydrochloric  acid  and  a  little 
alcohol  a  solution  is  obtained,  which  on  evaporation  yields  red 
crystals  of  the  composition  Os2Cl7,7H20,  which  become  olive- 
green  in  moist  air.^  This  appears  to  be  a  mixture  of  the  tri- 
and  tetra-chlorides  since,  on  addition  of  potassium  chloride  to 
the  alcoholic  solution,  potassium  osmichloride,  KgOsClg,  separates, 
and  the  filtrate  on  evaporation  yields  crystals  of  the  trichloride 
OsCl3,3H20. 

Potassium  Osmochloride  or  Ghlorosmite,  KgOsClgjSHgO,  is 
obtained  by  adding  ammonia  to  a  solution  of  osmium  tetroxide 
in  caustic  potash,  and  saturating  the  liquid,  as  soon  as  it  has 
become  yellow,  with  hydrochloric  acid.  On  evaporation,  the 
above  salt  separates  out  together  with  potassium  and  ammonium 
chlorides.  The  latter  can  be  readily  separated  mechanically. 
It  forms  dark-red  crystals  which  effloresce  in  the  air  and 
become  pink.  It  dissolves  in  water,  yielding  a  cherry-red 
coloured  solution,  possessing  first  a  strongly  astringent  and 
then  a  sickly  sweetish  taste. 

Ammonium  Osmochloride,  2(NH^)gOsCl6,3H20. — In  order  to 
prepare  this  salt,  sulphuretted  hydrogen  is  passed  into  a  hydro- 
chloric acid  solution  of  the  tetroxide  until  it  has  become  red. 
The  liquid  is  then  evaporated  with  sal-ammoniac,  when  fine  red 
crystals  are  deposited  resembling  the  potassium  salt. 

Osmium  Tetrachloride,  OSCI4,  is  obtained  by  heating  the  metal 
in  dry  chlorine.  It  forms  a  red  sublimate  which  dissolves  in 
water,  yielding  a  yellow  solution;  and  this  on  dilution  with 
more  water  attains  a  green  tint.  On  standing,  the  solution 
becomes  colourless  with  separation  of  the  lower  oxides,  whilst 
hydrochloric  acid  and  osmium  tetroxide  remain  in  solution. 

Potassium  Osmichloride  or  Chlorosmate,  KgOsClg,  is  obtained 
by  gently  heating  a  mixture  of  the  finely  divided  metal  with 
potassium  chloride  in  a  current  of  chlorine,  and  also  by  evapor- 
ating  the   hydrochloric   acid   solution   of  the   tetroxide   with 

'  Moraht  and  Wischin,  Zeif.  anorg.  Chem.,  1893,  3,  153, 
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potassium  chloride.  It  crystallises  in  dark-brown,  glistening 
octahedra,  which  yield  a  cinnabar-red  powder,  and  dissolve  in 
water  with  a  yellow  colour.  Alcohol  precipitates  the  compound 
from  this  solution  in  the  form  of  a  red,  crystalline  powder. 

Sodium  Osmichloride,  Na20sClg,2H20,  is  obtained  in  a  similar 
way,  and  crystallises  in  long,  orange-coloured  prisms  which  are 
easily  soluble  in  water  and  alcohol. 

Ammonium  Osmichloride,  (NH^)20sClg,  is  obtained  by  the 
addition  of  powdered  ammonium  chloride  to  a  solution  of  the 
sodium  .salt.  It  is  then  deposited  as  a  red,  crystalline  powder, 
crystallising  from  dilute  solution  in  brown  octahedra. 

Another  sodium  osmium  chloride,  of  the  composition 
NagOsCli2,  is  obtained  by  the  action  of  hydrochloric  acid  on 
sodium  sulphonosmate,  and  crystallises  in  leaflets.^  Potassium 
osmylMoride,  K2(Os02)Cl^,  is  formed  by  treating  potassium 
osmylnitrite  with  hydrochloric  acid ;  it  forms  anhydrous,  red 
octahedra,  and  yields  a  hydrate  with  2H2O  which  forms  pale- 
brown,  triclinic  crystals.^ 

Osmium  and  Bromine. — When  osmic  acid  is  boiled  with 
hydrobromic  acid  and  a  little  alcohol,  and  the  solution  evapor- 
ated, dark  -  brown,  prismatic  crystals  of  the  composition 
OsjErgiGHgO  are  obtained,  which  are  possibly  a  mixture  of 
OsBrg  and  OsBrg.     Osmihr amides  have  also  been  prepared. 

Osmium  and  Iodine. — By  the  action  of  boiling  hydriodic 
acid  on  osmic  acid,  violet-black  crystals  are  formed  having  a 
metaUic  lustre,  the  composition  of  which  appears  to  be  Osl^ 
(Moraht  and  Wischin).  When  a  solution  of  potassium  iodide, 
strongly  acidified  with  hydrochloric  or  phosphoric  acid,  is  added 
to  one  of  osmium  tetroxide,  a  green  substance  of  the  composi- 
tion Osl2,2HI  is  formed.  On  addition  of  ether  the  latter 
assumes  a  green  colour  even  when  only  traces  of  osmium  are 
present.^ 

Osmium  and  Sulphur. 
626  Metallic  osmium  bums  when  heated  in  sulphur  vapour, 
and  sulphuretted  hydrogen  throws  down  a  dark  yellow  sulphide 
of  osmium  from  the  hydrochloric  acid  solution  of  the  oxide. 
This  is  slightly  soluble  in  water,  giving  rise  to  a  dark  yellow 
solution,  and  easily  dissolves  in  nitric  acid. 

1  Rosenheim  and  Sasserath,  Zeit.  anorg.  Chem.,  1899,  21,  122. 
'^  Wintrebert,  Ann.  Ohim.  Phys.,  1903,  [7],  28,  15. 
»  Alvarez,  Ohem.  News,  1905,  91,  172. 
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Osmium  TetrasulpMde,  OsS^,  is  thrown  down  as  a  brown 
precipitate  when  sulphuretted  hydrogen  is  passed  through  an 
aqueous  solution  of  osmium  tetroxide.  It  is  insoluble  in 
alkalis  and  the  sulphides  of  the  alkali  metals. 

Osmium  Sulphite,  OsSOg. — In  order  to  prepare  this  salt,  sul- 
phur dioxide  is  led  into  an  aqueous  solution  of  the  peroxide, 
and  sodium  sulphate  added  to  the  blue  liquid.  The  dark  blue 
gelatinous  precipitate,  after  washing,  is  dried  and  yields  a 
powder  which  is  unalterable  in  the  air,  and  which  on  tritura- 
tion exhibits  a  metallic  silvery  lustre.  If  the  blue  solution  be 
treated  with  caustic  potash  a  blackish-blue  precipitate  of 
hydroxide  is  obtained,  which  on  exposure  to  air  absorbs  oxygen 
as  rapidly  as  ferrous  hydroxide. 

Osmium  forms  a  large  number  of  complex  sulphites,  which 
crystallise  well  and  are  stable  substances.  Sodium  osmistdphite, 
Nag[Os(S03)g],8H20,  is  obtained  by  boiling  a  solution  of  sodium 
osmichloride  with  concentrated  sodium  hydrogen  sulphite,  and 
crystallises  in  brownish-white  prisms.  Crystalline  compounds 
have  been  obtained  in  which  one  or  more  of  the  SO3  groups 
are  replaced  by  the  groups  CI  or  HjO. 

Complex  sulphites  of  a  different  series,  known  as  the  sulphon- 
osmates,  are  obtained  by  passing  sulphur  dioxide  through  a 
solution  of  osmium  tetroxide,  and  then  adding  an  alkali 
hydrogen  sulphite.  The  sodiiom  salt  has  the  composition 
3Na20,Os03,4S02,5H20,  its  constitution  being  probably 
(ONa)20s(S03Na)^,5H20.  It  crystallises  in  bright  brown 
needles,  and  is  readily  soluble  in  water  at  50°,  forming  a  reddish- 
brown  solution,  which  soon  decomposes  with  precipitation  of  a 
black  oxide.^ 


Osmium  and  Nitrogen. 

627  Like  the  other  metals  of  this  sub-group,  osmium  forms 
complex  derivatives  with  ammonia,  but  these  have  not  as  yet 
been  fully  investigated.  It  also  forms  complex  nitrites,  a 
peculiar  acid  termed  osmiamic  acid,  OSNO3H,  and  derivatives 
containing  nitrogen  but  free  from  hydrogen  and  oxygen  termed 
the  nitrilo-compounds,  which  are  obtained  by  the  action  of  acids 
.on  the  osmiamates.^ 

1  Rosenheim  and  Sasserath,  Zeit.  anorg.  Chem.,  1899,  21,  122  ;  1900,  24,  420. 

2  See  Werner  and  Dinltlage,  Ber.,  1906,  39,  499  ;  Brizard,  Ann,  Chim.  Phys., 
1900,  p],  21,  311, 
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"  Osmosammine  Hydroxide,  Os[(NH3)2(OH)o],  is  obtained  by 
dissolving  the  tetroxide  in  an  excess  of  concentrated 
ammonia,  and  heating  the  reddish-yellow  solution  in  a 
closed  vessel  to  50°,  when  a  black  precipitate  is  formed.  The 
flask  is  then  opened  and  the  solution  evaporated  at  a  low  tem- 
perature until  the  excess  of  ammonia  has  been  driven  off.  The 
base  is  thus  obtained  in  the  form  of  a  blackish-brown  powder, 
which  when  heated  decomposes  with  rapid  evolution  of  gas. 
With  acids  it  forms  amorphous  salts. 

Osmyldiammine  Chloride,  Os02(NH3)^Cl2,  is  obtained  by  the 
addition  of  ammonium  chloride  to  a  solution  of  potassium 
osmate,  and  forms  a  yellow,  crystalline  precipitate  easily  soluble 
in  water,  the  solution  soon  undergoing  decomposition.^ 

Osmiamic  Acid,  OsNOgH. — Osmiamates  are  formed  by  the 
action  of  ammonia  on  the  tetroxide,  especially  in  the  presence 
of  potash,  the  potassium  salt  being  more  stable  than  the 
ammonium  compound.  It  was  at  first  supposed^  that  this 
substance  had  the  formula  KgNgOSgOg,  but  Joly^  has  shown 
that  the  true  formula  is  KNOsOg,  its  formation  being  repre- 
sented by  the  equation  : 

OsO, + KOH  +  NH3 = KNOSO3  -f-  2H2O. 
The    acid,   according   to   Werner    and    Dinklage,*   has   the 
O.  .0 

constitution      >0s^        ,  being  formed  from  the  tetroxide  by 

the  replacement  of  one  oxygen  atom  by  the  imido-group  NH. 
The   salts   are   probably   derived   from    the    tautomeric   form 

The  free  acid  is  obtained  by  decomposing  the  barium  salt  with 
dilute  sulphuric  acid,  or  the  silver  salt  with  hydrochloric  acid. 
The  light-yellow  solution  remains  in  the  dilute  state  without 
change  for  some  time.  In  the  concentrated  condition,  however, 
it  decomposes  with  evolution  of  gas  and  separation  of  a  brown 
powder. 

Potassium  Osmiamate,  KNOsOg,  forms  orange-yellow 
tetragonal  pyramids,  which  dissolve  slowly  in  cold,  and  more 
readily  in  hot  water,  and  on  recrystallisation  become  dark- 
coloured,  owing  to  partial  decomposition.     It  decomposes  when 

1  See  also  Woloott  Gibbs,  Amer.  J.  Set.,  1873,  3,  233. 

2  Fritzsohe  and  Struve,  Petersb.  Acad.  Bull,  1863,  6,  81. 

-3  Compt.  rend.,  1891,  112,  1442.  '  Ber.,  1906,  39,  499. 
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heated,  with  loss  of  nitrogen.  Crystalline  salts  of  sodium, 
barium,  and  silver  are  also  known. 

Osmium  Nitrite,  Os(N02)3,  is  prepared  from  barium  osminitrite 
by  precipitating  the  barium  exactly  with  sulphuric  acid,  and 
evaporating  the  resulting  solution  of  osminitrous  acid.  It  forms 
a  deep-brown  powder. 

The  double  nitrites  with  the  alkali  metals  and  those  of  the 
alkaline  earths,  and  of  magnesium  and  zinc,  crystallise  well,  and 
are  soluble  in  water.^  Sodium  osminitrite,  Na20s(N02)5,2B[20, 
crystallises  in  orange-yellow  parallelepipeds,  and  the  remaining 
osminitrites  form  similar  crystals,  the  colour  of  which  varies 
from  pale  to  full  orange-yellow.  Many  other  complex  nitrites 
and  nitroso-derivatives  of  osmium  have  been  prepared,^  some  of 
which  contain  the  osmyl  group  OsOj. 


Osmium  and  Carbon. 

628  Osmium  forms  a  series  of  osmocyanides,  derived  from 
divalent  osmium,  which  correspond  closely  in  composition  and 
in  their  properties  to  the  ferrocyanides.  The  most  important 
of  these  compounds  are  the  following  : 

Osmocyanic  Acid,  H^[OsCyg],  is  deposited  in  the  form  of 
white  scales  on  the  addition  of  fuming  hydrochloric  acid  to 
a  solution  of  the  potassium  salt.  These  are  easily  soluble  in 
alcohol,  and  crystallise  out  from  the  alcoholic  solution  on  the 
addition  of  ether  in  colourless  glistening  transparent  hexagonal 
prisms.  Its  aqueous  solution  has  an  acid  reaction,  and  from 
it  a  substance  of  the  empirical  formula  OsCyg  separates  out 
as  a  dark-violet  precipitate,  which  is,  however,  probably  a 
complex  osmium  osmocyanide. 

Potassium  Osmocyanide,  K^[OsCye],3H20,  is  obtained  by 
adding  potassium  cyanide  to  an  alkaline  solution  of  osmium 
tetroxide,  evaporating  the  filtered  solution  and  heating  the 
residue.  It  crystallises  from  hot  water,  in  which  it  is  easily 
soluble,  in  yellow  tetragonal  tablets ;  these  when  heated  give  off 
water  and  become  colourless.  Its  solution  yields  a  light-blue 
precipitate  with  ferrous  salts,  which  becomes  darker-coloured 
on  exposure  to  air;  when  treated  with  nitric  acid  it  is  con- 
verted into  a  fine  violet-coloured  powder,  which  is  also  obtained 

1  Wintrebert,  Oompt.  rend.,  1905,  140,  585. 

2  Wintrebert,  Ann.  Chim.  Phys.,  1903,  [7],  28,  15. 
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by  precipitating  the  potassium  salt  with  ferric  chloride.  After 
drying  this  forms  a  fragile  mass  having  a  copper-red  colour,  and 
when  boiled  with  caustic  potash  it  yields  ferric  hydroxide  and 
potassium  osmocyanide. 

Barium  Osmocyanide,  Ba2[OsCyg],3H20,  is  formed  when  the 
iron  precipitate  is  boiled  with  baryta.  It  crystallises  in  small 
yellowish-red  transparent  rhombic  prisms,  which  are  readily 
soluble  in  water  and  alcohol. 

Potassium  Barium  Osmocyanide,  K2Ba[OsCyg],3H20,  is  ob- 
tained by  mixing  hot  solutions  of  the  potassium  and  barium 
salts.  On  cooling  small  yellow  oblique  rhombohedra  are  de- 
posited, which  are  sparingly  soluble  in  cold  water. 


Detection  and  Estimation  of  Osmium. 

629  The  presence  of  this  metal  may  be  most  easily  detected 
by  the  formation  of  the  volatile  strongly-smelling  tetroxide.  Sul- 
phuretted hydrogen  throws  down  a  precipitate  of  the  sulphide 
insoluble  in  ammonium  sulphide.  If  a  solution  contain  a 
mixture  of  the  platinum  metals,  and  other  metals  precipitable 
by  sulphuretted  hydrogen,  this  gas  is  passed  into  the  hot  solu- 
tion so  long  as  a  precipitate  is  formed.  This  is  then  washed 
and  warmed  with  yellow  ammonium  sulphide,  when  platinum, 
iridium,  gold,  &c.,  dissolve.  The  filtrate  is  then  acidified  with 
hydrochloric  acid,  the  precipitate  fused  with  sodium  carbonate 
and  sodium  nitrate,  and  the  fused  mass  lixiviated  with  water, 
the  residue  being  treated  according  to  the  method  described 
under  platinum  (see  p.  1404).  In  this  way  the  iridium  is 
obtained  together  with  platinum  and  gold,  and  these  may 
be  readily  separated.  The  portion  insoluble  in  ammonium 
sulphide  is  then  fused  with  caustic  potash  and  potassium 
chlorate,  and  treated  with  water  in  order  to  dissolve  the 
potassium  salts  of  ruthenic  and  osmic  acids.  The  solution  is 
carefully  neutralised  with  nitric  acid  in  order  to  separate  the 
black  oxide  of  ruthenium,  and  the  filtrate  distilled  with  nitric 
acid,  when  the  volatile  osmium  tetroxide  passes  over.  The 
residue  insoluble  in  water  is  gently  ignited  in  a  current  of 
hydrogen,  and  treated  with  dilute  nitric  acid,  when  palladium 
and  rhodium  remain  behind,  and  these  are  separated  by 
aqua  regia,  in  which  the  latter  metal  is  insoluble. 
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Osmium  is  usually  estimated  quantitatively  as  the  metal.  It 
is  separated  from  other  metals  as  the  volatile  tetroxide,  the 
vapours  of  which,  in  order  to  avoid  loss,  are  passed  into  caustic 
potash;  alcohol  is  added  to  the  distillate  in  order  to  form 
potassium  osmate,  and  the  solution  then  treated  with  am- 
monium chloride  and  the  precipitated  osmyldiammine  chloride 
ignited  in  hydrogen,  when  the  metal  is  obtained. 

Osmium  tetroxide  may  also  be  estimated  by  adding  dilute 
sulphuric  acid  and  potassium  iodide  to  its  aqueous  solution, 
and  titrating  the  liberated  iodine  with  sodium  thiosulphate. 
One  molecule  of  osmium  tetroxide  liberates  four  atoms  of 
iodine.'^ 

The  Atomic  Weight  of  osmium  was  determined  by  Berzelius 
in  1828  in  a  similar  way  to  that  of  platinum,  and  he  obtained 
the  number  198'9,  whilst  Fr^my,^  in  1844,  by  converting  the 
metal  into  the  tetroxide  obtained  the  number  199"6.  According 
to  these  determinations  the  atomic  weight  of  osmium  appeared 
to  be  greater  than  that  of  iridium,  whereas  the  analogies  of  the 
metal  with  ruthenium  seemed  to  indicate  that  it  should  precede 
iridium  in  the  periodic  system,  just  as  ruthenium  precedes 
rhodium.  In  1888  Seubert  *  redetermined  the  atomic  weight 
by  analysing  pure  potassium  and  ammonium  osmichlorides 
and  obtained  the  number  191'4,  whilst  in  1891  from  a  later  ^ 
and  more  concordant  series  of  experiments  he  obtained  the  still 
lower  number  190'6.     The  value  now  (1913)  adopted  is  190'9. 


IRIDIUM.     Ir=i93i. 

630  The  history  of  the  discovery  of  this  metal  has  already 
been  described  under  osmium. 

Iridium  is  found  in  the  platinum  ores  in  considerable  quantity 
in  the  form  of  the  alloys  platiniridium  and  osmiridium.  The 
first  of  these  occurs  in  grains,  and  often  in  small  cubes  with 
rounded  edges  ;  the  second  usually  in  flat,  irregular  grains,  and 
occasionally  in  hexagonal  prisms.  The  composition  of  these 
minerals  is  shown  in  the  following  analyses  : 

1  Klobbie,  Joum.  Ohem.  Soc,  1899,  76,  ii,  184. 

2  Ann.  Ghim.  Pliys.,  1844,  [3],  12,  614. 

'  Ber.,  1888,  21,  1839.  «  Annalen,  1891,  261,  257. 
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Platiniridium. 

OSMIKIDIUM. 

Urala. 

Brazil. 

Urals. 

New 
Granada. 

Cali- 
fornia. 

Austra- 
lia. 

Iridium   .     . 

76-85 

27-79 

55-24 

57-80 

53-50 

5813 

Osmium  .     . 

— 

— 

27-23 

35-10 

43-40 

33-46 

Platinum      . 

19-64 

55-44 

10-08 

— 

— . 

— 

Rhodium 

— 

6-86 

1-51 

0-63 

2-60 

3-04 

Ruthenium  . 

1     — 

— . 

5-85 

6-37 

0-50 

5-22 

Palladium    . 

0-89 

0-49 

trace 

— 

— 

— 

Iron    .     .     . 



4-14 

trace 

010 

— 

— 

Copper    .     . 

1-78 

3-10 

trace 

006 

■ — ■ 

0-15 

99-16 

97-82 

99-91 

10006 

10000 

100-00 

Iridium  is  usually  prepared  from  the  alloys  described  above 
which  are  left  behind  when  platinum  ores  are  treated  with 
aqua  regia.  One  of  the  most  efficacious  of  the  many  methods  ^ 
which  have  been  proposed  for  the  extraction  of  the  metal  is 
that  employed  by  Deville  and  Debray  ^  in  the  production  of  the 
pure  iridium  required  for  the  standard  metre  bars  of  platinum- 
iridium  prepared  for  the  International  Commission  on  the 
Metric  System.  The  osmiridium  is  fused  with  zinc,  and 
heated  until  all  the  zinc  evaporates,  the  porous  residue  being 
then  powdered  and  ignited  with  barium  nitrate,  which  converts 
the  iridium  into  oxide  and  the  osmium  into  barium  osmate. 
The  residue  after  extraction  with  water  is  boiled  with  nitric 
acid,  which  brings  the  iridium  into  solution,  whilst  the  osmium 
is  volatilised  in  the  form  of  tetroxide.  The  indium  oxide  is 
precipitated  from  the  residual  solution  by  baryta,  dissolved  m 
aqua  regia,  and  then  thrown  down  as  the  double  chloride  ot 
iridium  and  ammonium.  This,  on  ignition,  yields  spongy 
iridium,  containing  small  quantities  of  platinum,  ruthenium, 
and  a  little  rhodium.  The  metal  is  then  ignited  with  potass- 
ium nitrate,  and  the  mass  treated  with  water,  when  potassium 
ruthenate  dissolves.     It  is  lastly  fused  with  lead,  the  regulus 

>  Wohler,  Pogg.  Ann.,  1833,  31.  161;  CUu.,  AnnaUn,  1858,  107,  134 ; 
Gibbs,  Amer.  J  Sci.,  1861,  [2],  31,  70;  Matthey,  Proc.  Roy.  Soc,  1879,  28, 
463. 

2  Oom^t.  rend.,  1874,  78,  1502. 
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obtained   leaving,  after  treatment  with  nitric   acid   and  aqua 
regia,  a  residue  of  pure  iridium. 

Another  method  frequently  employed  is  to  mix  the  "  osrid " 
with  sodium  chloride  and  heat  to  redness  in  an  atmosphere  of 
chlorine.  The  metals  are  then  converted  into  chlorides,  and  the 
osmium  chloride,  being  volatile,  is  expelled.  The  mixed  chlorides 
are  then  dissolved  in  water  and  the  solution  is  treated  with 
chlorine  and  hydrochloric  acid  and  excess  of  potassium  chloride 
added.  A  precipitate  of  the  double  chlorides  of  potassium 
and  platinum,  iridium,  and  ruthenium  is  produced,  which  is 
filtered  off  and  boiled  with  water.  A  current  of  hydrogen  is 
then  passed  through  the  solution  when  platinum  and  ruthenium 
are  precipitated  and  the  solution  becomes  green  in  colour.  The 
solution  is  decanted  from  the  precipitated  metals  and  hydrogen 
again  passed  through,  when  the  iridium  slowly  separates  out  as 
bright  lustrous,  thin  laminae. 

After  osmium,  iridium  is  the  most  difficultly  fusible  and  least 
volatile  of  the  platinum  metals,  but  it  may  be  fused  and 
volatilised  in  the  electric  furnace ;  the  melting  point  is  2300°. 
The  molten  metal  dissolves  carbon,  which  separates  out  on  cool- 
ing as  graphite.  It  possesses  a  white  lustre,  resembling  that  of 
polished  steel.  In  the  cold  it  is  very  brittle,  but  at  a  white  heat 
it  is  somewhat  malleable.  The  specific  gravity  of  the  fused 
metal  is  21-15,  whilst  that  of  the  crystallised  metal  is  224.  If 
the  alcoholic  solution  of  the  sulphate  be  exposed  to  sunlight 
the  metal  is  deposited  as  an  extremely  fine  impalpable  black 
powder,  which,  when  washed  with  hot  water  and  dried,  acts 
even  more  energetically  in  bringing  about  the  combination  of 
combustible  gases  than  does  platinum  black.  The  smallest 
trace  brought  on  to  paper  saturated  with  alcohol  produces 
ignition,  the  metal  at  the  same  time  being  converted  into  a 
grey  sponge.  Spongy  iridium  is  prepared  by  igniting  the 
double  chloride  of  iridium  and  ammonium.  This  oxidises  when 
heated  in  the  air,  and  when  ignited  becomes  dense  and  lustrous, 
and  then  absorbs  oxygen  only  slowly,  whilst  the  coherent  metal 
does  not  do  so  at  all.  Iridium  black,  as  well  as  the  coherent 
metal,  when  alloyed  with  much  platinum,  dissolves  in  aqua  regia. 
Pure  massive  iridium  is,  however,  not  attacked.  When  it  is 
heated  with  acid  potassium  sulphate,  or  in  presence  of  fused 
alkalis,  it  is  oxidised,  and  it  unites  directly  with  chlorine  at  a 
dull-red  heat.  When  the  metal  is  held  in  the  middle  of  a 
flame  of  alcohol  it  becomes  covered   with  a  black  moss-like 
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deposit,  which  has  the  composition  IrC^,  and  easily  takes  fire 
on  exposure  to  the  air.  The  metal  is  in  this  case  penetrated 
throughout  its  mass  with  carbon,  and  becomes  of  a  dark- 
grey  colour.  The  oxides  also  are  converted  into  the  carbide  of 
iridium,  with  evolution  of  light  and  heat,  when  they  are  heated 
in  gases  or  vapours  containing  carbon. 

Owing  to  its  brittleness  it  is  very  difficult  to  roll  it  into  foil 
or  draw  it  out  into  wire.  These  difficulties,  however,  have 
recently  been  overcome.  Sir  William  Crookes  recommends  the 
use  of  iridium  for  crucibles,  and  such  crucibles  have  been 
made  by  Messrs.  Johnson  and  Matthey. 

Iridium  is  sometimes  used  for  pointing  gold  pens,  and  is  first 
heated  with  phosphorus,  which  renders  it  more  fusible  and  easy 
to  work.  The  phosphorus  is  afterwards  removed  by  heating 
the  mass  in  a  lime  crucible. 

It  forms  an  alloy  with  9  parts  of  platinum,  which  is  extremely 
hard,  as  elastic  as  steel,  perfectly  unalterable  in  the  air  and 
capable  of  taking  an  exceedingly  fine  polish.  This  alloy  has 
been  employed  in  the  production  of  standard  metre  bars  and 
for  making  electrodes  to  be  used  in  corrosive  liquids.  A  similar 
alloy  is  used  for  the  wires  employed  in  high  temperature 
pyrometers. 

Colloidal  Iridium  is  obtained  by  the  reduction  of  iridium  salts 
with  hydrazine  hydrate  in  presence  of  sodium  protalbate  or 
lysalbate  ^  or  gum  arabic.^ 
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631  Iridium  forms  two  basic  oxides,  the  sesquioxide,  IrjOg,  and 
the  dioxide,  Ir02,  and  two  corresponding  series  of  salts,  the 
sesqui-salts,  of  the  general  formula  IrR'3  and  the  iridic  salts 
IrR'^.  The  halogen  compounds  form  double  salts  with  the 
corresponding  alkali  compounds,  which  must  be  looked  upon  as 
alkali  salts  of  complex  acids.  Compounds  in  which  the  metal 
is  divalent  are  also  known,  but  have  only  been  slightly  investi- 
gated. Like  the  other  members  of  this  group,  iridium  forms 
numerous  complex  derivatives,  the  chief  of  which  are  the 
halogen  derivatives  just  mentioned,  the  double  cyanides,  and 
the  ammoniacal  derivatives. 

1  Paal  and  Amberger,  Ber.,  1905,  38,  1398;  1907,  40,  1392,  2201. 

2  Gutbier  and  Hofmeier,  J.  pr.  Chem.,  1905,  [2],  71,  358. 

4   S   2 


1364  IRIDIUM 


Iridium  and  Oxygen. 

632  Iridium  Sesquioxide,  li\0^,  is  formed  when  potassium 
iridichloride,  K^IrClg,  is  mixed  with  sodium  carbonate  and  heated 
to  dull  redness : 

2K2lrCl6  +  4Na,C03  =  Ir^Og  +  8NaCl  +  4KC1  +  400^  +  0. 

The  fused  mass  is  washed  with  water  containing  ammonium 
chloride,  and  bhe  residue,  after  ignition  to  expel  the  ammonium 
chloride,  is  treated  with  dilute  acid  in  order  to  remove  the 
small  quantity  of  alkali.  A  bluish-black  powder  is  thus 
obtained  which  begins  to  decompose  when  heated  above  800°, 
and  at  temperatures  somewhat  above  1000°  is  completely 
resolved  into  oxygen  and  the  metal. 

Deville  and  Debray  ^  have  investigated  this  subject,  observing 
the  dissociation  into  metal  and  oxygen  which  the  oxide  under- 
goes when  heated  in  a  porcelain  tube.  At  a  temperature  of 
1139°  the  oxide  rapidly  gives  off  oxygen,  and  metallic  iridium 
remains  behind  in  the  tube.  The  dissociation  pressure  at  the 
several  temperatures  was  found  to  be  as  follows : 

T°  Pressure. 

823° 5  mm. 

1003° 203     „ 

1112° 711     „ 

1139° 745     „ 

Iridium  sesquioxide  is  reduced  by  hydrogen  at  the  ordinary 
temperature.  In  the  pure  state  it  imparts  to  porcelain  after 
firing  a  fine  black  colour,  and  when  mixed  with  zinc  oxide  it 
yields  a  grey  tint. 

Iridium  Trihydroxide,  Ir(0H)3,  is  obtained  by  a  process 
similar  to  that  employed  for  the  preparation  of  the  corre- 
sponding rhodium  compound,  which  it  closely  resembles.  If 
a  small  quantity  of  caustic  potash  be  added  to  a  solution  of 
potassium  iridiochloride,  and  the  solution  allowed  to  stand  in 
a  closed  bottle,  a  yellowish-green  precipitate  of  the  hydroxide 
falls  down,  which  readily  dissolves  in  alkalis  and  oxidises  quickly 
in  the  air. 

Iridium  Dioxide,  IrOg,  is  a  black  powder  obtained  by  heating 
the  hydroxide  in  a  current  of  carbon  dioxide,  and  is  said  to  be- 

1  Compt.  rend.,  1878,  87,  441. 
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formed  when  the  metal  is  heated  to  bright  redness  in  the  air.i 
It  is  insoluble  in  acids. 

Iridmm  Teirahydr oxide,  Ir(OH)^,  is  formed  by  the  oxidation 
of  the  trihydroxide  in  the  air,  or  by  precipitating  the  tetra- 
chloride with  an  alkali,  as  well  as  by  boiling  potassium  iridate 
with  ammonium  chloride.  It  is  a  heavy  indigo-blue  powder 
which  is  almost  insoluble  in  dilute  sulphuric  and  nitric  acids, 
but  dissolves  completely,  though  slowly,  in  hydrochloric  acid. 
Its  solubility,  however,  appears  to  depend  on  the  method  of 
preparation.^  On  heating  the  indigo-blue  solution  it  becomes 
green  and  then  brown. 

Potassium  Iridate  is  obtained  as  a  partially  soluble  bluish 
mass  when  iridium  is  ignited  with  potassium  nitrate.  Its 
composition  is  not  definitely  known. 

Salts  of  Iridium. 

633  Iridious  Chloride,  IrClj,  is  formed  as  a  green  insoluble 
mass  when  chlorine  is  passed  over  spongy  iridium  at  a  red  heat, 
and  when  the  tetrachloride  is  heated. 

Iridium  Trichloride,  IrClg,  is  prepared  by  heating  one  of  its 
double  salts  with  sulphuric  acid.  If  the  mass  be  then  thrown 
into  water  the  chloride  separates  out  as  a  light  olive-green  pre- 
cipitate insoluble  in  acids  and  in  alkalis.  It  is  obtained  in 
solution  by  treating  the  hydrochloric  acid  solution  of  the  tetra- 
hydroxide  with  sulphur  dioxide  until  it  has  become  green,  and 
may  also  be  prepared  by  heating  ammonium  iridichloride  in 
chlorine  at  440°.^  It  forms  complex  derivatives  with  the 
chlorides  of  phosphorus  and  arsenic* 

Potassium  Iridiochloride  or  Ghloriridite,  KglrClg.SHjO,  is  best 
obtained  from  the  corresponding  iridichloride  by  heating  it 
with  sulphuretted  hydrogen,  and  adding  potassium  chloride  to 
the  olive-green  solution.  It  forms  very  soluble,  green,  rhombic 
prisms  which  efHoresce  readily.  The  sodium  and  ammonium 
salts  are  similar  compounds  of  the  formulae  Na3lrCl8,12H20 
and  (NHj3lrCle,H20. 

Iridium  Tetrachloride  or  Iridic  Chloride,  IrCl^,  is  obtamed 
by  dissolving  the  finely  divided  metal  in  aqua  regia,  or  by  the 
solution  of  the  blue  hydroxide  in  hydrochloric  acid.     When  the 

1  Geisenheimer,  Compt.  rend.,  1890,  110,  855. 

2  See  also  Joly  and  Leidie,  Compt.  rend. ,  1895, 120,  1341. 

3  Antony,  Oazz.,  1893,  23,  i,  184. 

*  Geisenheimer,  Compt.  rend.,  1890,  110,  1004,  1336. 
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solution  is  evaporated  at  a  temperature  not  above  40°,  a  black 
mass  is  obtained  which  appears  red  in  thin  films,  and  contains 
a  small  quantity  of  trichloride.  The  hydrochloric  acid  solution 
probably  contains  iridichloric  acid,  HglrClg,  corresponding  to 
the  following  compounds. 

Potassium  Iridichloride  or  Ohloriridate,  EglrClg,  is  obtained  by 
the  addition  of  potassium  chloride  to  the  above  hydrochloric  acid 
solution.  On  evaporation  small  blackish-red  regular  octahedra 
are  deposited.  These  are  slightly  soluble  in  cold,  and  more 
readily  in  hot  water,  but  do  not  dissolve  in  a  saturated  solution 
of  an  alkali  chloride  or  in  alcohol. 

Sodium  Iridichloride,  NaglrOlgjGHgO,  is  readily  soluble  in  water 
and  crystallises  in  almost  black  tablets  or  prisms,  which  are  iso- 
morphous  with  the  corresponding  platinum  compound. 

Ammonium  Iridichloride,  (^YL^^rO\^,  is  obtained  by  precipi- 
tating the  acid  solution  of  the  chloride  by  ammonium  chloride. 
It  is  a  dark  cherry-red  powder,  consisting  of  small  blackish-red 
octahedra.  One  hundred  parts  of  water  dissolve  0'699  part  of 
the  salt  at  14-4°,  and  1-266  parts  at  39-4°.i 

Iridium  Trihromide,  IrBr3,4H20. — When  the  blue  hydroxide 
is  dissolved  in  hydrobromic  acid,  a  blue  liquid  is  obtained  which 
loses  bromine  on  evaporation  and  deposits  small,  light  olive- 
green,  six-sided  crystals,  having  the  above  composition.  They 
dissolve  readily  in  water  but  are  not  soluble  in  alcohol,  and  lose 
their  vsrater  of  crystallisation  at  100°.  From  the  mother-liquor 
of  this  salt  steel-grey  needles  of  iridiobromic  acid,  H3lrBrg,3HjO, 
are  deposited,  having  a  metallic  lustre  by  reflected  light.  These, 
when  heated  to  100°,  lose  water  and  are  converted  into  a 
brownish-red  mass  which  is  easily  soluble  in  water  and  alcohol. 
The  solution  decomposes  carbonates  with  formation  of  iridio- 
bromides. 

Potassium  Iridiobromide,  K3lrBrg,3H20,  forms  long  olive- 
green,  lustrous,  four-sided  needles  which  effloresce  on  exposure, 
becoming  light-green  and  opaque.  They  dissolve  readily  in 
water. 

Ammonium  Iridiobromide,  2(NH,)3lrBr6,3H20,  is  obtained  by 
reducing  the  corresponding  iridiobromide  with  sulphur  dioxide 
and  neutralising  with  ammonium  carbonate.  It  crystallises  in 
dark  olive-green  prisms,  and  is  isomorphous  with  the  correspond- 
ing rhodium  salt,  with  which  it  crystallises  in  all  proportions. 

Iridium  Tetrahromide,  or  Iridic  Bromide,  IrBr^.— The  blue 
1  Rimbach  and  Korten,  Zeit.  anorg.  Ghem.,  1907,  62,  406. 
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hydroxide  dissolves  in  hydrobromic  acid,  giving  rise  probably 
to  iridibromic  acid,  HjIrBrg.  This  on  evaporation  with  nitric 
acid  leaves  a  blue  deliquescent  crystalline  mass.  It  forms, 
with  other  bromides,  well  crystallised  iridibromides,  such  as 
KglrBrg,  which  crystallises  in  opaque,  lustrous,  blackish-blue 
regular  octahedra. 

Iridium  Tetriodide,  or  Iridic  Iodide,  Irl^,  is  obtained  by 
boiling  the  hydrochloric  acid  solution  of  the  chloride  with  potass- 
ium iodide.  It  forms  a  black  powder,  which  yields,  with  the 
iodides  of  the  alkali  metals,  well  crystallised  double  compounds 
possessing  a  ruby-red  colour. 

Iridium  Monosulphide,  IrS. — The  metal  bums  when  ignited 
in  sulphur  vapour,  giving  rise  to  this  compound,  which  resembles 
galena  in  its  appearance. 

Iridium  Sesquisulphide,  IrgSg,  is  precipitated  when  sulphur- 
etted hydrogen  is  passed  into  a  solution  of  a  salt  of  iridium 
sesquioxide.  It  is  a  brown  powder,  somewhat  soluble  in 
pure  water,  and  slightly  so  in  potassium  sulphide,  and  nitric 
acid. 

Iridivm  Am^nonium  Fentadecasulphide,  (NHJglrSjj,  crystal- 
lises in  large  brown  tetragonal  octahedra.^ 

Iridium  Bisulphide,  IrSg,  is  formed  when  the  powdered  metal 
is  heated  with  sulphur  and  sodium  carbonate,  and  is  formed  by 
the  action  of  sulphuretted  hydrogen  on  lithium  iridichloride  at 
4°.  It  is  a  brown  powder,  insoluble  in  nitric  acid,  and  decom- 
poses at  300°  into  its  elements.^ 

Iridious  Sulphite  has  not  itself  been  prepared,  but  several 
double  salts  with  sodium  sulphite,  such  as  IrSOgiSNajSOg, 
IOH2O  and  IrH2(S03)2,3Na2S03,4H20,  have  been  described 
by  Seubert,^  who  obtained  them  during  the  separation  of 
iridium  from  rhodium  according  to  Bunsen's  method. 

Iridium  Sesquisulphite,  Ir2(S03)3,6H20,  is  obtained  when  the 
hydroxide  suspended  in  water  is  treated  for  some  time  with 
sulphur  dioxide.  This  compound  is  found  in  solution  whilst  a 
brown  basic  salt  remains  undissolved.  The  solution  is  then 
evaporated,  when  the  normal  sulphite  separates  out  in  the 
form  of  a  yellow  crystalline  precipitate  which  is  scarcely  soluble 
in  water  but  dissolves  readily  in  dilute  acids.  It  also  forms  a 
number  of  double  salts. 

Iridium  Sesquisulphate,  Ir2(S04)3,xH20,  crystallises  out  when 

1  Hofmann  and  Hochtlen,  Ber.,  1904,  37,  245. 

3  Antony,  Gazz.,  1893,  23,  i,  184.  '  Ser.,  1878,  11,  1761 
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a  solution  of  the  trihydroxide  in  sulphuric  acid  is  evaporated  in 
absence  of  air.  It  combines  with  the  sulphates  of  the  alkali 
metals,  ammonium  and  thallium,  forming  a  series  of  alums 
having  the  general  formula  M^2S04,Ir2(S04)3,24H20,  which  all 
crystallise  in  yellow  octahedra.^ 

A  double  salt  of  the  composition  Ir2(S04)3,3K2SO^,2H20  has 
also  been  obtained,  which  separates  from  boiling  aqueous  solu- 
tion on  cooling,  in  rectangular  or  hexagonal  crystals.^ 

Iridic  sulphate,  Ir(S04)2,  was  obtained  by  Berzelius  as  a 
yellowish-brown  amorphous  mass.  When  warmed  with  sulphuric 
acid  it  undergoes  reduction  forming  a  green  solution  of  the 
sesquisulphate.^ 

Iridionitrites. — The  simple  nitrite  of  iridium  has  not  been  pre- 
pared as  it  readily  forms  complex  nitrites. 

Hydrogen  Iridionitrite,  H3[Ir(N02)6],H20,  forms  light-yellow, 
readily  soluble  needles.* 

Fotassiumlridionitrite,  K3[Ir(N02)6],  is  best  prepared  by  add- 
ing potassium  nitrite  to  a  solution  of  iridium  sesquisulphate  at 
70-80.°  It  is  a  white  powder,  readily  soluble  in  boiling  water, 
but  almost  insoluble  in  the  cold  liquid,  and  in  potassium 
chloride  solution.  The  corresponding  sodium  salt  crystallises 
with  2Rfi.^ 

Cyanogen  Derivatives  of  Iridium. — The  chief  of  these  are 
the  iridicyanides,  which  resemble  the  ferricyanides,  and  have 
been  investigated  by  Martins.^ 

Potassium  Iridiocyanide,  K^[Ir"Cyg],  is  obtained  in  colour- 
less prisms  when  potassium  ferrocyanide  is  gently  ignited  with 
iridium. 

Iridicyanic  Acid,  H3[Ir"'Cy6],  is  obtained  by  decomposing 
the  barium  salt  with  dilute  sulphuric  acid.  It  is  very  soluble 
in  water  and  alcohol,  less  so  in  ether,  and  is  deposited  from 
solution  in  crystalline  crusts.  It  possesses  an  acid  reaction  and 
has  an  unpleasant  taste,  and  from  its  solutions  hydrochloric  acid 
precipitates  a  green  substance  which  is  probably  a  complex 
iridium  iridicyanide. 

Potassium    Iridicyanide,    K3[IrCy6],    is   obtained  by  fusing 

'  Marino,  Zeit.  anorg.  Ohem.,  1904,  42,  213. 
^  Del^pine,  Gompt.  rend.,  1906, 142,  1525. 
'  Rimbaoh  and  Korten,  Zeit.  anorg.  Ohem.,  1907,  52,  406. 
■<  Gibbs,  Ber.,  1871,4,  280. 

6  LeidiA,  Bull.  Soc.  chim.,   1902,  [3],  27,   936;  see  also   Miolati,  Atti  B. 
Accad.  Lincei,  1902,  [5],  11,  ii,  151. 
«  Annalen,  1861,  117,  357. 
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ammonium  iridichloride  with  potassium  cyanide,  and  also  by  the 
decomposition  of  the  barium  salt  with  potassium  sulphate.  It 
crystallises  in  colourless  tetragonal  prisms,  which  are  easily 
soluble  in  water,  but  insoluble  in  alcohol.  It  is  a  very  stable 
body,  which  is  not  attacked  when  heated  in  chlorine  or  in 
hydrogen  chloride. 

Barmm  Iridicyanide,  Ba3[IrOygJ2,18H20. — In  order  to  pre- 
pare this  compound  the  crude  potassium  salt  is  precipitated 
with  copper  sulphate,  and  the  precipitate  decomposed  with 
baryta  water.  It  forms  hard,  transparent,  probably  tetragonal 
crystals,  which  effloresce  on  exposure,  are  easily  soluble  in  water, 
and  are  attacked  with  difficulty  by  acids. 

Ammoniacal  Derivatives  of  Iridium. 

634  Iridium  forms  ammoniacal  derivatives  corresponding  to 
iridious  chloride,  IrClg,  and  iridic  chloride,  IrCl^,  which  are 
analogous  to  the  corresponding  platinum  compounds  (p.  1398). 
It  forms  also  an  extended  series^  of  compounds  corresponding 
to  the  trichloride,  IrClg,  which  are  similar  to  the  cobaltic,  chromic, 
and  rhodic  compounds,  and  are  most  probably  strictly  analogous 
to  these  in  constitution. 

1.  Iridious  Compounds. — Dichloro-diammine-iridium  (Iridios- 
ammonium  Chloride),  [Cl2(NH3)2lr],  is  obtained  by  heating  a 
solution  of  iridious  chloride  with  an  excess  of  ammonium  car- 
bonate and  neutralising  the  solution  with  dilute  hydrochloric 
acid.  It  is  a  yellow  granular  body,  insoluble  in  water.  The 
corresponding  hydroxide  is  not  known,  and  of  the  other  salts 
only  the  sulphato-compound,  [SO/NH3)2lr],  has  been  prepared. 
This  is  obtained  by  heating  the  chloride  with  sulphuric  acid, 
when   an   easily  soluble  orange-coloured  crystalline  powder  is 

formed. 

Tetrammine-iridium  Bichloride  (Iridiodiammoniuin  Chloride), 
[(NH3)^Ir]Cl2,  is  obtained  by  prolonged  boiling  of  the  preceding 
chloride  with  excess  of  ammonia.  On  cooling,  a  whitish  precipi- 
tate separates,  and  this  is  decomposed  by  boiling  water  with 
evolution  of  ammonia.  The  hydroxide  has  not  been  prepared. 
The  sulphate  can  be  obtained  from  the  chloride,  and  crystallises 
in  rhombic  prisms,  which  are  easily  soluble  in  hot  water  and 
deflagrate  on  heating. 

1  Palmaer,  Ber.,  1889,  22,  15  ;  1890,  23,  3810  ;  1891,  24,  2090  ;  Zeit.  anorg. 
Chem.,  1895,  10,  320 ;  1896,  13,  211. 
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2.  Iridic  Compounds. — Dichloro-tetrammine -iridium  Dinitrate 
(Irididiammonium  Ghloronitraie),  [CljCNHg)  Jr](N03)2,  is  formed 
when  concentrated  nitric  acid  is  gradually  added  to  dichloro- 
diammine-iridium.  It  dissolves  in  hot  water,  and  crystallises  in 
lustrous  laminse.  If  an  excess  of  hydrochloric  acid  be  added  to 
a  solution  of  this  compound,  the  chloride  is  precipitated,  crys- 
tallising from  boiling  water  in  violet  octahedra.  Silver  nitrate 
precipitates  only  the  half  of  the  chlorine  which  it  contains. 
Sulphuric  acid  converts  the  nitrate  into  the  corresponding 
sulphate,  [Cl2(NH3)^Ir]S04,  which  crystallises  in  fine  greenish 
needles. 

3.  Iridium  Sesqui-compounds.  —  Hexammine-iridium  tri- 
chloride, [(NH3)gIr]Cl3,  is  prepared  by  heating  the  following 
compound  with  ammonia  at  140°,  and  crystallises  in  colourless 
prisms. 

Ghloro-pentammine-iridium  dichloride  {Purpureo-iridium  chlo- 
ride), [Cl(NH3)5lr]Cl2,  is  produced  by  the  action  of  ammonia  on 
ammonium  iridiochloride,  and  forms  yellowish-brown  octahedral 
crystals,  but  has  also  been  obtained  as  a  flesh-coloured  crystal- 
line powder.  Silver  nitrate  precipitates  only  two-thirds  of  its 
chlorine. 

A  large  number  of  other  pentammine-iridium  derivatives  have 
been  described,  as  well  as  aquo-pentammine,  tetrammine,  and 
triammine  compounds. 

Detection  and  Estimation  of  Iridium. 

635  Ammonium  chloride  produces,  in  a  tolerably  concentrated 
solution  of  iridium,  a  dark-red  crystalline  precipitate,  and  the 
dark  colour  sometimes  observed  in  the  corresponding  platinum 
precipitate  indicates  the  presence  of  iridium  in  this  metal. 
Iridium  is  also  distinguished  from  platinum  by  the  formation 
of  a  colourless  solution  of  potassium  iridichloride  when  caustic 
potash  is  added  to  the  chloride  of  the  metal,  and  on  exposure 
to  the  air  this  colourless  solution  first  becomes  red-coloured, 
and  afterwards  blue.  Sulphuretted  hydrogen  decolorises  the 
solution  of  an  iridic  salt  with  separation  of  sulphur,  whilst 
the  brown  sulphide,  soluble  in  ammonium  sulphide,  is  precipi- 
tated. 

Iridium,  like  platinum,  is  always  estimated  quantitatively  as 
the  metal. 

The  Atomic  Weight  of  iridium  was  determined  by  Berzelius 


PLATINUM  1371 


by  ignitin  potassium  iridichloride  in  hydrogen,  the  result  of 
a  single  experiment  being  196'5.  Seubert/  in  1878,  working 
with  carefully  purified  material,  obtained  the  number  193"05  by 
the  analysis  of  the  same  salt,  whilst  the  ignition  of  the  ammo- 
nium salt  gave  the  higher  number  193'39.  Joly,^  in  1890,  by 
the  analysis  of  the  potassium  and  ammonium  iridiochlorides, 
obtained  the  number  193'18. 

The  number  now  (1913)  adopted  is  1931. 


PLATINUM,     Pt  =  195-2. 

636  This  metal  appears  to  have  been  first  observed  in  the 
sixteenth  century ;  for  Scaliger,  who  died  in  1558,  in  his  work 
Exercitationes  Uxotericce  de  SuUilitate,  combated  the  views  of 
Cardanus  that  all  metals  are  fusible  ;  for,  he  adds,  in  the  mines 
of  Mexico  and  Darian  a  metallic  substance  is  found  "  quod  nuUo 
igni,  nuUis  Hispanicis  artibus,  hactenus  liquescere  potuit."  As 
platinum  occurs  in  the  above  districts  it  appears  very  probable 
that  this  was  the  metal  here  referred  to.  Indeed  the  metal 
seems  to  have  been  used  long  before  this  date,  for  an  alloy 
containing  platinum  together  with  gold  and  iridium  has  been 
found  composing  some  of  the  hieroglyphs  on  an  Egyptian  box 
discovered  at  Thebes,  dating  from  the  seventh  century  B.c.^ 

It  was  not,  however,  until  the  eighteenth  century  that  platinum 
attracted  general  attention,  and  this  time  many  chemists  occupied 
themselves  diligently  with  the  subject.  The  first  of  these  was 
Don  Antonio  de  Ulloa,  who  took  part  in  the  French  Expedition 
of  1735  which  had  for  its  object  the  measurement  of  an  arc  of 
the  meridian  on  the  equator.  In  1748  he  published  his  Belacion 
ffistorica  del  Viage  a  la  America  Meridional,  in  which  he  de- 
scribes an  unworkable  metallic  mineral  which  even  makes  gold 
ore  useless  if  it  occur  mixed  with  it  in  large  quantities. 
William  Brownrigg*  was  the  first  to  describe  native  platinum 
as  a  compact  metal.  He  had  obtained  it  nine  years  previously 
from  Charles  Wood,  who  had  brought  some  samples  of  i*  trom 
Carthagena  in  Granada  to  Jamaica,  and  thence  to  England. 
Brownrigg   termed  it  a  semi-metal.     It  was  afterwards  more 

^  Ber.,  1878,  11,  1770.  ^  Oorapt.  rer^.,  im  HO,  mi. 

^  Berthelot,  Compi.  rend.,  1901,  132,  729;   Ann.  CUm.  Phys.,  1901,  [7 J, 

23  5. 

*  Phil.  Trans. ,  1750,  46,  584. 
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exactly  examined  by  Scheffer,  who  describes  it  in  the  Memoirs 
of  the  Stockholm  Academy  in  1752  with  the  title  "  On  White 
gold,  or  the  seventh  Metal,  termed  in  Spanish  '  platina  del 
Pinto,' "  that  is,  small  silver  of  Pinto,  platina  being  the 
diminutive  of  plata,  the  Spanish  for  silver.  The  name  of  del 
Pinto  was  added  because  it  was  first  found  in  the  auriferous 
sand  of  that  river.  Scheffer  describes  the  insolubility  of  plat- 
inum in  nitric  acid,  and  was  acquainted  with  the  facts  that 
aqua  regia  dissolves  it  and  that  it  is  precipitated  from  the 
solution  by  mercury.  He  also  states  that  it  is  infusible  at  the 
strongest  heat  of  a  furnace,  but  that  it  can  be  alloyed  with 
other  metals,  and  that  it  may  be  fused  by  the  help  of  arsenic. 
He  declares  the  new  body  to  be  a  true  metal,  and,  on  account 
of  its  unalterability,  believes  it  to  be  a  noble  one,  and  suggests 
that  it  majr  be  used  for  the  specula  of  telescopes.  In  1754 
Lewis  ^  published  a  series  of  researches  on  platinum,  and  in 
1757  the  investigations  of  Marggraf  were  communicated  to  the 
Berlin  Academy.  Amongst  the  most  important  of  his  observa- 
tions was  that  which  ihas  since  proved  of  such  service  to 
analytical  chemistry,  that  platinum  solution  produces  with 
the  salts  of  the  alkalis  an  orange-yellow  precipitate,  with 
the  exception  of  that  of  the  mineral  alkali  soda,  with  which 
it  produces  none.  Next  came  Macquer  and  Beaum^'s  researches 
on  platinum,  which  were  published  in  the  Memoirs  of  the 
Paris  Academy  of  1758.  The  most  important  new  fact  observed 
by  these  chemists  was  that  platinum  can  be  fused  in  the 
focus  of  a  powerful  burning-glass.  Besides  this,  the  paper 
in  question  contains  the  information  that  platinum  had  hitherto 
been  so  rare  a  substance,  because  the  Spanish  Government  had 
forbidden  its  exportation,  inasmuch  as  gold  could  be  alloyed 
with  a  considerable  quantity  of  the  new  metal  without  its  colour 
being  sensibly  changed,  thus  giving  rise  to  the  possibility  of 
fraud.  Further  investigations  were  made  by  Cronstedt  in  1764, 
and  by  Bergman  in  1777,  the  latter  chemist  explaining  the 
nature  of  the  changes  which  occur  when  a  platinum  solution 
is  treated  with  the  alkalis.  Count  von  Sickingen,  at  that  time 
the  representative  of  the  Palatinate  at  the  Court  of  Paris, 
worked  diligently  on  the  subject  of  platinum,  and  was  the  first, 
in  1772,  to  prepare  platinum  foil  and  platinum  wire,  and  to 
show  that  this  metal  when  alloyed  with  silver  dissolves  in  nitric 
acid.  His  experiments  were  communicated  to  the  Academy 
1  Phil.  2'rarvi.,  1754,  48,  638. 
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in  1778,  and  in  1782  the  same  researches  were  described  in  a 
pamphlet  which  appeared  in  German  with  the  title  Experiments 
on  Platinum.  The  whole  of  the  preceding  researches,  as  well 
as  many  of  those  carried  on  at  a  later  time,  were  made  with 
South  American  platinum. 

In  1819  grains  of  a  white  metal  were  discovered  in  the  auri- 
ferous sands  of  the  Urals,  but  it  was  not  till  1823  that  platinum 
was  detected  in  this  substance.  This  discovery  gave  rise  to  the 
Scientific  Expedition  to  the  Urals  undertaken  by  Humboldt, 
G.  Rose,  and  Ehrenburg,  in  1829. 

With  the  exception  of  sperrylite,  Pt  Asg,  found  in  small  quanti- 
ties in  the  nickel-copper  ores  of  Ontario,'^  platinum  occurs  in 
the  native  state,  but  native  platinum  is  very  seldom  pure,  the 
purest  specimens  having  been  found  in  Brazil  together  with 
grains  of  palladium.  The  usual  platinum  "  ore,"  as  it  is  termed, 
contains  all  the  metals  of  this  group  together  with  iron,  copper, 
titanic  iron  ore,  &c.     It  is  sometimes,  though  seldom,  found 
crystallised  in  cubes  and  octahedra,  but  more  usually  occurs  in 
rounded  or  flattened  grains,  or  sand  having  a  metallic  lustre, 
and  occasionally  in  large  rounded  nuggets,  both  forms  occurring 
in  river  sand  or  detritus.     Some  of  the  more  important  locali- 
ties from  which  platinum  is  obtained  are  Choco  near  Popayan, 
the  gold-washings  of  the  Pinto  in  the  province  of  Antioquia  in 
Columbia,  and  Minas   Geraes  in  Brazil.     In  the  Urals,  it  is 
found  in  alluvial  deposits  at  Nischnetagilsk  and  Goroblagodat. 
Platinum  likewise  occurs  in  the  Natoos  Mountains  in  Borneo, 
and  in  Haiti,  Peru,  California,  India,  and  Australia,  especially 
in  New  South  Wales,  where  it  is  now  being  worked.     It  is  also 
found  in  small  quantities  in  the  sands  of  various  rivers,  occur- 
ring in  the  Rhine,  and  in  streams  in  Wicklow,  North  Carolina,  and 
Canada  East.     The  largest  mass  which  has  yet  been  obtained 
is  that  in  the  Demidoff  Cabinet  in  St.  Petersburg,  weighing 
7'837  kilos.      In  the   Urals  platinum  is  found  together  with 
chrome  iron  ore  in  serpentine,  whilst  in  the  Brazils  it  occurs 
with  gold  in  syenite.    Many  common  minerals,  such  as  dolomite, 
heavy  spar,  and  fahl  ore,  contain  traces  of  platinum,  and  this 
explains  the  occurrence  of  the  metal  in  the  sands  of  so  many 
rivers.     It  is  found  in  small  quantities  also  in  most  of  the  ores 
of  lead  and  silver,  and  it  is  usually  contained  with  palladium  in 

1  Walker,  Zeit.  Krt/st.  Min.,  1896,  25,  561;  Amer.  J.  Sci.,  1896,  [4]  1, 
110;  Wells  and  Penfield,  ibid.,  1902,  [4],  13,  95;  Dickson,  ihd.,  1903,  L4], 
15,  137. 
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small  quantities  in  all  silver,  while  its  presence  has  been 
observed  in  meteoric  iron.^  Some  of  the  American  copper  ores 
contain  platinum,  and  it  is  recovered  in  the  electrolytic  refining 
of  copper.  In  the  United  States  mints  the  gold  is  refined 
electrolytically,  and  sometimes  the  anode  sludge  contains  small 
quantities  of  platinum.  Thus,  in  the  San  Francisco  mint,  112 
ounces  of  platinum  and  iridium  were  recovered  from  the  refining 
of  1,073,000  standard  ounces  of  gold. 

The  following  table  contains  a  series  of  analyses  of  various 
platinum  ores  by  Deville  and  Debray :  ^ 


Lqoality. 

Choco  (S. 
America). 

California. 

Australia. 

Urals. 

Platinum 
Gold    .     . 
Iron     .     . 
Iridium    . 
Rhodium . 
Palladium 
Copper     . 
Osmiridium 
Sand    . 

86-20 
1-00 
7-80 
0-85 
1-40 
0-50 
0-60 
0-95 
0-95 

85-50 
0-80 
6-75 
1-05 
1-00 
0-60 
1-40 
1-10 
2-95 

61-40 
1-20 
4-55 
110 
1-85 
1-80 
1-10 

26-00 
1-20 

76-40 
0-40 

11-70 
4-30 
0-80 
1-40 
4-10 
0-50 
1-40 

100-25 

10115 

100-20 

100-50 

The  body  termed  osmiridium  is  an  alloy  of  osmium  and 
iridium  which  is  not  attacked  by  aqua  regia,  and  the  sand 
contains  quartz,  chrome  iron  ore,  hyacinth,  spinel,  and  titanic 
iron  ore. 

637  The  Metallurgy  of  Platinum. — The  infusibility  of  platinum, 
as  well  as  its  power  of  withstanding  the  action  of  many  of  the 
most  powerful  reagents,  rendered  it  desirable  that  this  metal 
should  be  employed  for  the  manufacture  of  vessels  for  chemical 
use.  In  1784  Achard  mentioned  that  the  substance  obtained  by 
fusing  arsenic  and  platinum  together  leaves,  on  ignition,  a  resi- 
due of  malleable  platinum,  and  in  this  way  he  prepared  what 
was  in  all  probability  the  first  platinum  crucible.     From  the 

,    1  Davison,  Amer.  J.  Scl,  1899,  [4],  7,  4. 

2  Ann.  Ohim.  Phys.,  1859,  [3],  56,  449.     See  also  Martin,  lith  Ann.  Sept. 
U.  S.  Oeol.  Survey  for  1894-5,  Pt.  III.,  1895,  628. 
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year  1787  this  method  was  employed  in  Paris,  where  Janetty 
was  celebrated  for  his  platinum  work.  Platinum  vessels  were, 
however,  then  and  for  some  time  afterwards  so  expensive  and 
difficult  to  obtain,  that  in  the  year  1801  G.  Eose  and  Karsten, 
for  want  of  a  platinum  crucible,  were  unable  to  examine  the 
statement  of  Guyton  de  Morveau  and  Desormes  that  potash 
consists  of  lime  and  hydrogen,  and  soda  of  magnesia  and 
hydrogen. 

In  the  year  1800  Richard  Knight  ^  published  a  method  for 
preparing  malleable  platinum.     This  consisted  in  dissolving  the 
crude  platinum,   precipitating   the   solution   with   ammonium 
chloride,  stamping  the  dried  precipitate  of  the  double  chloride  of 
platinum  and  ammonium  into  a  conical   mould  made  of  fire 
clay,  and  igniting  the  whole.     In  this  way  platinum  is  obtained 
as  a  coherent  metallic  mass,  which  can  then  be  worked  up.     In 
1822  a   similar   method   was   described  by  Barruai ;  but   for 
many  years  before  this,  in  fact  from  1800  to  1809,  a  relative 
of    a   member    of  the   well-known  firm   of  Messrs.   Johnson, 
Matthey  and  Co.  was  employed  in  working  on  platinum,  and 
had  discovered  (whether  independently  of  Knight  is  uncertain) 
a  method  for  consolidating  the  sponge,  which  was  afterwards 
elaborated  by  Wollaston  and  described  by  him  in  the  Bakerian 
Lecture  2   for   1828.      This,   although  identical    in    the  main 
features   with    Knight's   process,  is   distinguished   from  it   in 
several   important   particulars,  and  is   the  method  by  which 
platinum  was  manufactured  up  to  the  year  1859,  when  Deville's 
process  came  into  use.^     Wollaston  in  the  first  place  pointed 
out  the  necessity  of  heating  the  double  chloride  very  gently  at 
a  temperature  just  sufficient  to  expel  the  whole  of  the  ammonium 
chloride  and  to   occasion  the  particles' of  platinum  to  cohere 
as  little  as  possible,  for  on  this  depends  the  ultimate  ductility 
of  the  product.     The  metallic  powder  thus  obtained  must  be 
rubbed  between  the  hands  of  the  operator  so  fine  as  to  pass 
through  a  fine  lawn  sieve.     After  having  been  well  levigated, 
the  uniform  mud  or  pulp  is  pressed  whilst  cold  into  a  brass 
barrel  and  strongly  compressed  by  a  powerful  lever.     The  cake 
of  platinum  can  be  easily  removed,  owing  to  the  conical  form  of 
the  barrel,  and  is  so  hard    that  it   can   be   handled   without 
danger  of  breaking.     It  is  then  placed  on  a  charcoal  fire  and 
heated  to  redness  to  drive  off  moisture  and  to  give  it  a  greater 

>  Tilloch'.  PhU.  Mag.,  1803,  16,  1.     ^  PhU.  Trans.,  1829,  119.  1- 
=  Ann.  Chim.  Phys.,  1859,  [3],  56,  484. 
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degree  of  cohesion.  After  this  it  is  heated  in  a  wind  furnace 
to  the  most  intense  heat  that  can  be  obtained.  After  ignition 
for  about  twenty  minutes,  the  cake  is  removed  from  the  furnace 
and  placed  upright  on  an  anvil,  and  struck  when  hot  with  a 
heavy  hammer.  The  ingot  of  platinum  thus  obtained  may 
be  drawn  into  wire  or  submitted  to  any  of  the  processes  of 
which  the  most  ductile  metals  are  capable. 

The  easy  method  thus  proposed  for  working  up  platinum  has 
had  a  great  influence  on  the  progress  of  chemistry.  The 
present  generation  of  chemists  can  scarcely  understand  the 
difficulties  with  which  their  predecessors  had  to  contend,  unable, 
as  they  were,  to  use  either  platinum  crucibles,  basins,  retorts, 
or  platinum  foil  or  wire.  In  his  Letters  on  Chemistry  Liebig 
says : 

"  Without  platinum  it  would  be  impossible,  in  many  cases,  to 
make  the  analysis  of  a  mineral.  The  mineral  must  be  dissolved 
and  it  must  be  first  rendered  soluble,  or  prepared  for  solution. 
Now,  vessels  of  glass,  of  porcelain,  and  of  all  non-metallic  sub- 
stances are  destroyed  by  the  means  we  employ  for  that  purpose. 
Crucibles  of  gold  and  silver  would  melt  at  high  temperatures. 
But  platinum  is  cheaper  than  gold,  harder  and  more  durable 
than  silver,  infusible  at  all  temperatures  of  our  furnaces,  and  is 
left  intact  by  acids  and  alkali  carbonates.  Platinum  unites 
all  the  valuable  properties  of  gold  and  of  porcelain,  resisting  the 
action  of  heat,  and  of  almost  all  chemical  agents.  Without 
platinum  the  composition  of  most  minerals  would  have  yet 
remained  unknown." 

Platinum  apparatus  is  also  employed  on  a  large  scale  and  with 
great  advantage  in  the  chemical  industries ;  thus,  for  example, 
in  the  manufacture  of  sulphuric  acid,  and  in  the  parting  of  the 
noble  metals.  The  first  platinum  apparatus  for  concentrating 
sulphuric  acid,  weighing  423  ounces,  was  made  in  London  in 
1809  by  Messrs.  Johnson,  Matthey  and  Co.,  who  since  that 
time  have  furnished  platinum  vessels  for  all  parts  of  the  world. 
It  is  interesting  to  notice  that  the  price  charged  for  this  first 
platinum  still  was  at  the  rate  of  IQs.  per  ounce,  the  present 
price  (1913)  being  about  £10. 

The  application  of  the  oxy-hydrogen  blowpipe   for  fusing 

large  masses  of  platinum,  proposed  first  by  Hare,^  has  exerted  a 

great  influence  on  the  progress  of  the  platinum  industry.    Hare 

succeeded  in  fusing  971  grams  of  platinum,  as  well  as  large 

'  Phil.  Mag.,  1847,  [3],  31,  356. 
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quantities  of  iridium  and  osmium.  This  method  was  improved 
upon  by  Deville  and  Debray/  whose  investigations  on  the 
platinum  metals  have  been  of  great  service  to  the  general 
progress  of  chemical  industry.  The  means  employed  by  these 
chemists  for  fusing  platinum,  and  now  employed  on  the  large 
scale  by  most  of  the  platinum  manufacturers,  consists  in  the 
use  of  two  well-fitting  lumps  of  quick  lime.  The  upper  one  has 
a  hole  drilled  through  the  middle  for  the  introduction  of  the 
blowpipe,  whilst  a  side  opening  permits  the  escape  of  the 
products  of  combustion  and  serves 
as  an  outlet  for  the  molten  metal. 
Instead  of  hydrogen,  common 
coal-gas  is  usually  employed. 
This  is  allowed  to  enter  through 
the  tube  H,  Fig.  200,  whilst  the 
oxygen  enters  at  o.  The  upper 
portion  of  the  blowpipe  consists 
of  copper  and  the  lower  of  plati- 
num. Lime  is  used  for  the 
crucible,  because  it  stands  a  high 
temperature  well,  and  at  the 
same  time  it  absorbs  the  slags 
of  the  oxides  of  iron  and  silicon 
and  other  materials  which  are 
formed  during  the  operation. 
The  introduction  of  this  process 
induced  chemists  to  seek  for  a 
cheap  method  of  preparing  o.Kygen  on  the  large  scale,  whilst 
by  means  of  the  oxy-hydrogen  blowpipe  Messrs.  Johnson, 
Matthey  and  Co.  have  succeeded  in  effecting  a  most  important 
improvement  in  the  metallurgy  of  platinum,  viz.,  that  of 
soldering  platinum  by  itself  (autogenous  soldering),  instead,  as 
was  formerly  the  case,  of  soldering  with  gold.  ,  ^      .    . 

The  electric  furnace  is  now  frequently  employed  for  fusing 

^^MoTof  the  platinum  of  commerce  is  obtained  from  the  Urals 
in  Russia,  by  a  process  of  concentration  by  washing,  similar  to 
the  manner  in  which  alluvial  gold  is  extracted.  The  crude 
platinum  thus  obtained  is  in  the  form  of  fine  Pf -^Jf  ^^f^ 
and  scales;  nuggets  are  also  occasionally  met  ^^^  ^d  a  litt^ 
gold  is  also  generally  present.  This  gold  is  extracted  from  the 
1  Ann.  Ghim.  Phys.,  1859,  [3],  56,  385.  ^  ^ 
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crude  platinum  by  amalgamation,  the  material  being  rubbed 
with  mercury  in  a  dish  made  of  wood,  iron,  or  porcelain.  The 
crude  platinum  which  remains  may  be  treated  by  a  dry  or  a 
wet  method. 

Deville  and  Debray  elaborated  two  methods^  for  treating 
this  crude  platinum  in  the  dry  way.  According  to  the  first  of 
these,  the  ore  is  repeatedly  melted  in  a  vessel  made  of  lime. 
In  this  way  an  alloy  of  platinum  with  iridium  and  rhodium  is 
obtained.  This  method  is  especially  applicable  to  the 
fusion  of  old  platinum  vessels,  inasmuch  as  all  the  impurities, 
such  as  sulphur,  phosphorus,  iron,  gold,  lead,  &c.,  which 
occur  in  the  scrap  platinum,  are  either  volatilised  or  absorbed 
by  the  lime.  The  second  method  depends  on  the  fact  that 
lead  can  be  alloyed  with  the  platinum  metals  but  not  with 
osmiridium.  These  processes  have,  however,  not  met  with  much 
success  in  practice,  inasmuch  as  there  is  no  guarantee  that  the 
platinum  thus  prepared  does  not  contain,  in  addition  to  the 
iridium  and  rhodium,  which  are  harmless  constituents,  other 
admixtures,  or  that  the  metal  thus  obtained  is  homogeneous. 

Hence,  up  to  the  present  time,  wet  methods  are  more  gener- 
ally used.  The  following  process  is  adopted  in  the  German 
works  of  Heraus  in  Hanau.^  The  raw  ore  is  treated  in  glass 
retorts  under  a  pressure  of  twelve  inches  of  water  with  a  mix- 
ture of  1  part  of  aqua  regia  and  2  parts  of  water.  The  solution 
is  evaporated  to  dryness,  and  the  dried  mass  heated  to  125°,  at 
which  temperature  the  palladium  and  rhodium  salts  are  reduced 
to  lower  chlorides.  The  clear  aqueous  extract  acidified  by 
hydrochloric  acid  is  then  precipitated  with  ammonium  chloride, 
the  pure  double  chloride  of  platinum  and  ammonium  being 
thrown  down,  whilst  the  corresponding  iridium  salt  is  obtained 
on  evaporating  the  mother-liquor.  The  solution  remaining 
after  precipitating  the  platinum  salt  is  treated  with  scrap  iron, 
when  the  other  metals  are  thrown  down,  and  the  precipitate, 
from  which  the  excess  of  iron  has  been  dissolved  by  hydro- 
chloric acid,  is  again  treated  with  aqua  regia,  and  from  this 
solution  a  new  portion  of  platinum  and  iridium  thrown  down. 
The  mother-liquors,  as  well  as  the  residue  left  on  dissolving 
the  qre  in  aqua  regia,  contain  the  metals  palladium,  rhodium, 
ruthenium,  osmium,  and  iridium.  The  spongy  platinum 
obtained   by   igniting   the   double   chloride   of  platinum  and 

1  Ann.  Ohim.  Phys.,  1859,  [3],  56,  385;  1861,  61,  5. 
^  Philipp,  Ber.  Entw.  Chem.  hid.,  I,  999. 
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ammonium  is  then  pressed,  broken  up  in  pieces,  and  fused  with 
an  excess  of  oxygen  in  a  lime  crucible. 

In  the  wet  process  of  G.  Matthey  the  platinum  is  first  melted 
with  six  times  its  weight  of  lead,  and  then  granulated  by  pour- 
ing into  water. 

The  process  employed  in  Eussia  is  very  similar  to  the  fore- 
going. The  crude  platinum  is  dissolved  in  aqua  regia  in 
porcelain  basins  set  on  a  sand-bath.  The  solution  is  repeatedly 
evaporated  with  hydrochloric  acid  until  all  nitric  acid  has  been 
removed,  the  aqueous  solution  then  filtered,  and  the  filtrate 
treated  as  described  above.^ 

Most  of  the  platinum  which  occurs  in  commerce  is  not  pure, 
but  contains,  like  Russian  platinum  coin,  2  per  cent,  of  iridium. 
This  alloy  is  especially  valuable  for  the  preparation  of  chemical 
vessels,  inasmuch  as  it  is  less  readily  attacked  by  acids  than 
pure  platinum. 

638  Preparation  of  Pure  Platinum. — In  order  to  prepare 
pure  platinum  various  methods  have  been  proposed.  Deville 
and  Debray^  have  prepared  it  on  a  large  scale  by  the  following 
process.  The  metal,  which  contains  iridium  and  rhodium,  is 
fused  with  from  six  to  ten  times  its  weight  of  lead,  the  mass 
after  cooling  treated  with  nitric  acid,  and  the  residue  treated 
with  dilute  aqua  regia,  when  a  crystalline  alloy  of  iridium, 
ruthenium,  and  iron  remains  behind,  whilst  lead,  platinum,  and 
some  rhodium  go  into  solution.  This  latter  is  treated  with 
ammonium  chloride,  the  double  chloride,  (NHJaPtClg,  being 
thrown  down  in  a  finely  divided,  amorphous  state  and  almost 
white,  whilst  the  rhodium  is  kept  in  solution.  The  precipitate 
is  washed  with  water  containing  hydrochloric  acid,  ignited,  and 
the  residue  of  platinum  fused  in  a  lime  crucible.  When  fused  the 
supply  of  gas  is  suddenly  stopped,  so  that  the  metal  solidifies 
from  the  outside  inwards,  and  in  this  way  the  formation  of 
bubbles  in  the  metal  is  avoided. 

According  to  G.  Matthey,=*  the  preparation  of  pure  platinum 
is  a  matter  of  great  difficulty.  His  process  is,  to  begin  with, 
similar  to  that  already  described,  but  he  evaporates  down  the 
aqua  regia  solution,  and  then  adds  pure  sulphuric  acid  to  the 
residue  in  order  to  convert  any  lead  which  may  remam  m 
solution  into  the  insoluble  sulphate.  The  platinichloric  acid  is 
then  dissolved  out  with  water  and  precipitated  by  a  mixture  of 

1  Mineral  Industry,  1897,  6,  551.  ^  Compt.  rtnd.,  1875,  81,  89,S. 

3  Proc.  Roy.  Soc,  1879,  28,  463. 
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ammonium  chloride  and  common  salt,  the  latter  being  added 
because  the  ammonium  platinichloride  is  less  soluble  in  a 
solution  of  common  salt  than  in  water.  The  liquid  is  then 
heated  to  80°  and  allowed  to  stand  for  some  days  in  order  that 
the  precipitate  may  become  denser.  This  is  then  repeatedly 
washed  with  a  solution  of  ammonium  chloride,  and  at  last  with 
distilled  water  acidified  with  hydrochloric  acid.  The  washed 
precipitate  is  then  dried  and  mixed  with  potassium  bisulphate, 
to  which  a  small  quantity  of  ammonium  bisulphate  has  been 
added.  The  mixture  is  then  heated  to  dark  redness  in  a 
platinum  basin.  On  boiling  the  mass  with  water,  potassium 
sulphate  and  potassium  rhodosulphate  dissolve,  leaving  pure 
platinum  behind. 

The  production  of  platinum  from  the  Ural  mines,  which  are 
now  almost  the  only  source  of  the  metal,  has  been  subject  to 
great  variations.  In  1825,  when  the  mines  were  first  opened, 
only  561  pounds  were  produced.  In  1827  the  experiment  of 
coining  with  platinum  was  tried  at  the  St.  Petersburg  mint, 
pieces  of  3,  6,  and  12  roubles  being  produced.  The  coinage  of 
platinum  was,  however,  soon  abandoned  (in  1844),  and  the  coins 
in  circulation  were  withdrawn,  owing  to  the  very  considerable 
variations  which  the  price  of  the  metal  underwent  from  year  to 
year  and  the  impossibility  therefore  of  fixing  a  permanent 
monetary  value  upon  the  coin.  The  total  value  coined  amounted 
to  4,146,604  roubles,  and  the  annual  amount  produced  towards 
the  close  of  the  period  in  which  the  metal  was  coined  reached 
7,716'4  pounds.  It  afterwards  declined,  but  subsequently 
increased  owing  to  the  large  demand  for  the  metal  occasioned 
by  the  widespread  introduction  of  electric  lighting,  the  metal 
being  employed  in  the  construction  of  incandescent  lamps. 
In  1893  the  production  reached  the  amount  of  11,196  pounds. 

During  recent  years  the  supply  of  platinum  has  not  been 
equal  to  the  increase  in  demand ;  Russia  is  still  the  chief  source 
of  the  metal,  and  the  scarcity  is  partly  due  to  the  local  difficulty 
of  securing  the  necessary  mining  labour,  and  also  to  the 
diminution  of  yield  in  the  richer  mines.  The  average  output 
of  the  Russian  mines  was,  for  the  years  1893  to  1898, 12,050  lbs. 
per  annum;  for  the  years  1899  to  1904,  12,600  lbs.,  whilst 
during  the  year  1905,  14,050  lbs.  were  produced.  There  is, 
however,  a  small  production  of  platinum  in  the  United  States, 
between  100  and  200  troy  ounces  being  produced  per  annum ; 
Columbia  also  produced  800  lbs.  during  1904. 
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Platinum  is  largely  used  for  the  construction  of  chemical 
apparatus  employed  both  in  the  laboratory  and  the  works,  for 
protecting  other  metals  (platinising),  and,  in  the  form  of  its 
salts,  for  the  preparation  of  photographic  prints. 

The  following  are  the  official  statistics  for  the  years  1902 
to  1911  :— 

1902 5-98  tons 

1903 5-86  „ 

1904 4-89  „ 

1905 512  „ 

1906 5-64  „ 

1907    .   • 5-26  „ 

1908 4-77  „ 

1909    ■ 4-99  „ 

1910 5-35  „ 

1911     • 5-36  „ 

These  figures,  however,  show  only  the  platinum  officially 
registered.  There  is  a  considerable  amount  of  illicit  dealing 
which  is  variously  estimated  at  1'6  to  2-4  tons  per  annum. 
The  Eussian  output  is  about  95  per  cent,  of  the  world's 
production,  and  probably  varies  between  6'4  and  72  tons. 

639  Properties. — Pure  platinum  has  a  tin- white  colour,  is 
soft  like  copper,  has  a  specific  gravity  of  21'4136-21-4317 
(Kahlbaum),!  ^^^  jg  the  most  malleable  of  metals  after  gold 
and  silver.  Like  iron,  it  can  be  readily  welded  at  a  white  heat. 
It  melts  at  1710°  as  determined  by  a  resistance  thermometer,^ 
whereas  higher  temperatures,  1753-1889°,  are  indicated  by 
the  optical  pyrometer  method.^  An  extremely  fine  wire  can  be 
melted  in  the  flame  of  a  Bunsen  burner ;  platinum  in  large  masses 
is  infusible  even  at  the  highest  temperature  of  a  blast-furnace, 
although  a  small  piece  of  the  metal  may  be  melted  in  such  a 
furnace.*  It  can,  however,  be  fused  in  the  oxy-hydrogen  flame. 
When  large  masses  of  the  molten  metal  are  quickly  cooled 
they  exhibit  the  phenomenon  of  "spitting"  so  characteristic  of 

silver.  .  , 

Platinum  is  stated  to  volatilise  below  its  melting  point,  and 

1  /.  Ghim.  phys.,  1904,  2,  537. 

2  Harker,  Proc.  ifot/. -Soc,  1906,  76,  A,  235. 

3  Waidner   and   Burgess,  Bull.    U.   S.   Bureau   Standards,  1907,  3,    Ibrf , 
Holborn  and  Valentiner,  Ann.  Physih,  1907,  22,  \- 

i  Meyer,  Ber.,  1896,  29,  850. 
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cubic  or  octahedral  crystals  of  the  metal  have  been  found  in 
the  neighbourhood  of  the  platinum  electrodes  in  electric 
furnaces.!  According  to  Hulett  and  Berger^  it  begins  to 
volatilise  at  800°  in  air,  whilst  it  is  unchanged  at  this  tem- 
perature in  the  absence  of  oxygen ;  this  phenomenon  has 
been  attributed  to  the  formation  at  high  temperatures  of 
a  volatile  oxide  which  undergoes  decomposition  at  lower 
temperatures.     It  can  be  distilled  in  the  electric  furnace.^ 

Tubes  made  from  fused  and  hammered  platinum  allow  hy- 
drogen to  pass  through  them  at  a  strong  red-heat  in  larger 
quantity  than  is  the  case  with  caoutchouc  membranes  at  the 
ordinary  temperature.  This  property  depends  upon  the  fact 
that  the  red-hot  metal  has  the  power  of  absorbing  hydrogen 
(Vol.  I.,  p.  159),  taking  up  3'8  volumes  of  the  gas,  which  it  gives 
off  on  heating  in  a  vacuum,  the  surface  of  the  platinum 
becoming  in  this  case  covered  with  bubbles.*  The  same 
phenomenon  is  noticed  when  platinum  foil  is  employed  as  the 
negative  pole  in  the  electrolysis  of  water,  the  absorbed  hy- 
drogen being  again  given  off  when  it  is  converted  into  the 
positive  pole. 

In  January,  1817,  Sir  Humphry  Davy  communicated  the 
fact  to  the  Royal  Society  that  mixtures  of  oxygen  or  air  with 
hydrogen,  carbon  monoxide,  ethylene,  vapour  of  alcohol,  vapour 
of  ether,  and  other  easily  inflammable  gases  or  vapours,  are 
capable  of  bringing  about  the  incandescence  of  a  warmed 
platinum  wire,^  and  that  then  these  mixtures  either  combine 
slowly  or  in  some  cases  quickly,  and  even  with  explosion.  This 
now  well-known  phenomenon  is  thus  described  by  Davy :  "  A 
temperature  much  below  ignition  only  was  necessary  for  pro- 
ducing the  curious  phenomenon,  and  the  wire  was  repeatedly 
taken  out  and  cooled  in  the  atmosphere  till  it  ceased  to  be 
visibly  red,  and  yet  when  admitted  again  it  instantly  became 
red  hot."  In  the  following  year  Erman  observed  that  it  was 
only  necessary  to  warm  the  platinum  wire  to  50°  to  enable  it  to 
bring  about  this  combination. 

In  1820  Edmund  Davy  showed  that  the  black  powder 
deposited  when  a  platinum  solution  is  precipitated  by  sulphur- 

'  Guntz  and  Bassett,  Bull.  Soc.  chim.,  1905,  [3],  33,  1306. 
2  J.  Amer.  Chem.  Soc,  1904,  26,  1512. 
'  Moissan,  Oompt.  rend.,  1906,  142,  189. 

*  See  also  Winkelmann,  Ann.  Physik,  1901,  [4],  6,  104 ;  1902,  [4],  8,  388 ; 
1906,  [4],  19,  1045. 
»  Phil  Trans.,  1817,  107,  77- 
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etted  hydrogen,  the  precipitate  dissolved  in  nitric  acid,  and  the 
liquid  thus  obtained  mixed  with  its  own  volume  of  alcohol, 
possesses  the  property,  when  moistened  with  spirits  of  wine,  of 
becoming  ignited  in  the  air.  Two  years  later,  Dobereiner 
observed  that  spongy  platinum,  obtained  by  the  ignition  of  the 
double  chloride  of  platinum  and  ammonium,  exhibits  the  same 
phenomenon  when  gently  warmed  with  alcohol.  In  1823  the 
same  chemist  noticed  that  when  hydrogen  is  allowed  to  pass 
over  spongy  platinum  in  presence  of  air  the  hydrogen  gas  is 
ignited,  and  upon  this  was  founded  the  well-known  Dobereiner's 
Hydrogen  Lamp.^  Faraday  afterwards  showed  that  chemically 
clean  platinum  acts  in  a  similar  way.  The  circumstances  under 
which  platinum  and   certain  other  metals  exhibit  this  action 


Pig.  201.  Fig.  202. 

were  investigated  by  Th^nard  and  Dulong  in  a  research  published 
in  the  same  year. 

In  order  to  exhibit  this  action  Davy's  glow-lamp  is  used 
(Fig.  201).  It  is  fed  with  a  mixture  of  alcohol  and  ether,  or 
with  methyl  alcohol ;  this  is  ignited  in  order  to  heat  the  spiral 
of  platinum  wire  to  redness.  The  flame  is  then  blown  out,  and 
the  mixed  vapours  of  alcohol  and  ether  rising  from  the  moist 
wick  are  oxidised,  and  thus  the  spiral  is  kept  brightly  incan- 
descent. The  same  phenomenon  can  be  observed  if  a  spiral  of 
platinum  wire  be  hung  in  a  small  test-glass  (Fig.  202)  into 
which  a  little  ether  has  been  poured.  Another  mode  of 
showing  the  same  experiment  is  to  heat  a  small  piece  of 
platinum  foil  in  the  flame  of  a  Bunsen  burner,  and  then  quickly 
to  extinguish  the  flame,  allowing  the  gas  to  escape.  The  foil 
soon  begins  to  glow,  and  if  it  be  placed  near  the  burner  it 
becomes  hot  enough  to  re-ignite  the  gas ;  if  further  removed, 
the  foil  continues  to  glow,  but  the  gas  is  not  ignited. 

?  Sfhweigger'a  J.,  42,  60;  TH'och's  phil.  Mag.,  1825.  65.  150. 
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Spongy  Platinum,  first  prepared  by  E.  Davy,  is^very  finely 
divided  metallic  platinum,  which  possesses  a  very  large  surface 
compared  with  its  mass,  and  is  able  to  condense  large  quantities 
of  oxygen.  This  substance  is  frequently  employed  as  an  oxidis- 
ing agent,  and  may  be  readily  prepared  by  gently  heating  the 
double  chloride  of  platinum  and  ammonium.  It  then  forms  a 
porous  mass,  which,  when  heated  strongly,  becomes  denser,  and 
assumes  a  metallic  lustre  under  the  burnisher. 

Platinum  Blaclc. — This  form  of  platinum  was  also  discovered 
by  E.  Davy,  who,  however,  misled  by  certain  accidental  impuri- 
ties, considered  it  to  be  a  platinous  nitrite.  It  is  to  Liebigi 
that  we  owe  the  discovery  of  this  error,  and  also  a  description 
of  a  good  method  for  the  preparation  of  the  substance.  This 
consists  in  warming  a  solution  of  platinum  dichloride  in  potash 
with  alcohol.  Thus  obtained  it  is  a  soft  black  dull  powder, 
which  soils  any  surface  on  which  it  is  rubbed.  When  thoroughly 
freed  from  alcohol  by  boiling  with  water,  and  dried  in  a  vacuum 
over  sulphuric  acid,  it  absorbs  oxygen  from  the  air  so  rapidly 
that  the  mass  becomes  red-hot.  Platinum  black  is  obtained  also 
by  dissolving  alloys  of  platinum  with  other  metals,  such  as 
copper  and  zinc,  in  nitric  acid,  when  the  platinum  remains  in 
the  form  of  a  black  powder.  This  latter  preparation,  heated  in 
open  vessels  to  a  temperature  considerably  below  redness, 
deflagrates  with  a  hissing  noise,  sometimes  detonating  like 
gunpowder.  Platinum  black  is  obtained  also  when  platinum  is 
precipitated  by  other  metals  from  a  dilute  solution,  or  when 
such  a  solution  is  treated  with  reducing  agents.  Thus,  for 
instance,  if  a  solution  of  platinic  chloride  be  allowed  to  drop 
into  a  boiling  mixture  of  three  volumes  of  glycerol  and  two  of 
caustic  potash  of  specific  gravity  1-08,  the  black  obtained  pos- 
sesses extremely  active  properties,^  as  does  that  prepared  by  the 
reduction  of  platinic  chloride  by  means  of  formaldehyde.'* 
According  to  Liebig,  platinum  black  absorbs  more  than  800 
times  its  volume  of  oxygen,  whereas  the  black  prepared  by 
Mond,  Ramsay,  and  Shields  was  found  to  contain  100  volumes 
of  oxygen.  When  brought  into  hydrogen  310  volumes  were 
taken  up,  200  of  which  united  with  the  oxygen  present  to  form 
water,  whilst  the  remaining  110  were  absorbed.*  A  certain 
amount  of  occluded  oxygen  can,  however,  coexist  with  occluded 

'  Pogg.  Ann.,  1829,  17,  102. 

"^  Zdrawkowitoh,  Bvll.  8oc.  chim.,  1876,  [2],  25,  198. 

3  Loew,  Ber.,  1890,  23,  289.  *  Proc.  Roy.  Soc,  1895,  58,  242. 
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hydrogen  in  platinum  black.  It  appears  probable  that 
platinous  hydroxide  is  formed  by  the  absorption  of  oxygen, 
since  the  heat  of  occlusion  of  oxygen  by  the  black  is  almost 
identical  with  the  heat  of  formation  of  platinous  hydroxide.^ 
Platinum  black  after  absorbing  oxygen  dissolves  partially 
in  hydrochloric  acid  as  platinous  chloride,  and  the  difference 
between  the  loss  of  weight  of  the  black  and  the  amount  of 
platinum  in  solution  also  corresponds  to  the  formation  of  this 
hydroxide.^  Moreover,  the  black  containing  oxygen  is  able  to 
bring  about  oxidising  actions  similar  to  those  produced  by  platin- 
ous oxide,  such  as  the  liberation  of  iodine  from  potassium  iodide, 
and  the  oxidation  of  arsenious  to  arsenic  acid.^  After  frequent 
ignition  in  a  mixture  of  combustible  gas  and  air,  the  black 
becomes  denser,  approaching  spongy  platinum  in  its  properties. 
Platinum  black  is  frequently  used  in  organic  chemistry  as  an 
oxidising  agent,  and  it  has  been  successfully  applied  in  place  of 
oxide  of  copper  in  organic  analysis.*  Platinum  black  also 
absorbs  60  volumes  of  carbon  monoxide.^ 

Colloidal  Platinum  may  be  obtained  as  a  dark-brown  solution 
by  passing  an  electric  arc  between  platinum  wires  immersed  in 
water.  The  solution  rapidly  decomposes  hydrogen  peroxide,"  and 
is  capable  of  causing  the  union  of  hydrogen  and  oxygen.^  It 
may  also  be  prepared  by  means  of  sodium  lysalbate  in  a  similar 
manner  to  colloidal  gold  and  silver,  and  on  evaporating  the 
solution  and  drying  at  100°  black  glistening  scales  of  colloidal 
platinum  are  obtained  which  are  soluble  in  water.^  Similar 
solutions  are  obtained  by  reducing  solutions  of  platinum  salts 
with  other  organic  reducing  agents.* 

Platinum  is  scarcely  oxidised  at  any  temperature  by  oxygen, 
water,  or  nitric  acid.     If  very  thin  platinum  foil  be  heated  in 

1  Mond,  Ramsay,  and  Shields,  Proc.  Roy.  Soc,  1897,  62,  50. 
■'  Engler  and  Wohler,  Zeit.  anorg.  Ghem.,  1901,  29,  1  ;  Wohler,  Ber.,  1903, 
36,  3475.  ^    ^.      .,., 

3  See  also  Raschig,  Zeit.  angew.  Ghem.,  1906,  19,   1748,  2083  ;  Bredig,  ibid., 

1985;  Luther,  ibid.,  2049.  ' 

*  Kopfer,  Joum.  Ghem.  Soc,  1877,  i,  228 ;  Dennatedt,  Ber.,  1906,  39,  IbZS. 
=  Hemptinne,  Zeit.  phyaihd.  Ghem.,  1898,  27,  429. 
«  Bredig,  Zeit.  angew.  Ghem.,  1898,  951 ;  Zeit.  physikal.  Ghem.,  1901.  ^j*. 

122  ;  Bredig  and  von  Berneok,  ibid.,  1899,  31,  353;  Bredig  and  Ikeda,  ibid., 

1901,  37,  1 ;  Raudnitz,  ibid.,  551. 
'  Ernst,  Zeit.  physikal.  Ghem.,  1901,  37,  448. 

8  Paal  and  Amberger,  5er.,  1904,  37,  124.  innrr9l71 

"  Gutbier,  Zeit.  anorg.  Ghem.,  1902,  32,  347  ;  /.  pr.  Ghem.,  1905,  [2],  71, 

358  ;  Henrich  Ber.,  1903,  36,  309 ;  Garbowski,  ibid.,  1215, 
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oxygen  for  some  weeks  at  420-450°  it  becomes  covered  with  a 
small  quantity  of  platinous  oxide,  whilst  platinum  sponge  is  more 
quickly  converted  into  this  oxide  in  the  same  manner.^ 

It  is  appreciably  attacked  by  sulphuric  acid  ^  at  250°,  although 
very  slightly  so  below  200°,  and  dissolves  to  a  small  extent  when 
used  for  the  electrodes  in  the  electrolysis  of  sulphuric  acid, 
especially  when  alternating  currents  are  employed.^  It  is  not 
attacked  by  sulphur  alone,  although  action  takes  place  if  alkalis 
are  present.  These  latter,  as  well  as  nitre,  oxidise  the  metal,  and 
for  this  reason  fusion  with  alkalis  or  nitre  ought  not  to  be  per- 
formed in  platinum  vessels.  It  dissolves  in  potassium  cyanide 
solution  in  the  absence  of  oxygen  with  evolution  of  hydrogen,  the 
amount  dissolved  being  very  small  in  the  cold  but  increasing 
on  heating.*  Alkali  cyanides  should  not  be  fused  in  contact 
with  platinum,  as  these  likewise  attack  the  metal.  It  is  also 
inadvisable  to  expose  platinum  vessels  to  direct  contact  with 
burning  charcoal,  as  the  silicon  reduced  from  the  charcoal-ash 
unites  with  the  metal,  making  it  brittle  and  liable  to  crack. 
Especially  to  be  avoided  is  contact  at  a  high  temperature  with 
compounds  of  the  easily  reducible  metals,  as  these  readily  form 
fusible  alloys  with  the  platinum.  Phosphorus  and  arsenic  also 
combine  with  heated  platinum.  When  platinum  vessels  are 
heated  over  a  smoky  flame,  or  in  one  in  which  the  supply  of 
air  is  insufiScient  to  bring  about  complete  combustion,  such 
as  the  internal  zone  of  a  Bunsen  burner,  the  surface  of  the 
platinum  becomes  disintegrated,  probably  owing  to  the  succes- 
sive formation  and  decomposition  of  compounds  of  the  metal 
with  carbon  from  the  flame. 

The  best  method  of  cleaning  a  platinum  crucible  is  to  fuse  in 
it  some  potassium  bisulphate  (Gmelin),  and  in  order  to  test 
whether  a  new  platinum  crucible  be  of  proper  quality  it  is  first 
boiled  with  hydrochloric  acid  and  afterwards  with  pure  nitric 
acid.  If  none  of  the  metal  be  dissolved  the  platinum  is  good. 
The  surface  of  a  platinum  crucible  is  best  cleaned  by  being 
rubbed  with  moist  animal  charcoal. 

1  Wohler,  Ber.,  1903,  36,  3475. 

2  Conroy,  J.  Soc.  Chem.  Ind.,  190.3,  22,  465. 

'  Margueles,  Ann.  Phys.  Ghem.,  1898,  [2],  65,  629 ;  66,  540 ;  Ruer,  Zeit. 
EhUrocliem.,  1903,  9,  235  ;  1905,  11,  10  ;  Broohet  and  Petit,  Gompt.  rend., 
1905,  140,  655 ;  Zelt.  EUki rocUem.,  1905,  11,  441  ;  Senter,  Tram.  Faraday 
Soc,  1907,  2,  1. 

■*  Glaser,  Zeit,  Elehtrochern.,  1903,  9,  11 ;  Wohler,  Bar.,  1903,  36.  3475, 
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COMPOUNDS    OF    PLATINUM. 

Platinum  and  Oxvgen. 

640  Three  oxides  of  this  metal  are  definitely  known,  platinum 
monoxide  or  platinous  oxide,  PtO,  giving  rise  to  the  platinous 
salts,  platinum  dioxide  or  platinic  oxide,  PtO^,  giving  rise 
to  the  platinic  salts,  and  the  trioxide,  PtOg.  In  addition, 
a  sesquioxide,  PtgOg,  and  an  oxide,  PtgO^,  have  been  described, 
but  doubt  has  been  thrown  on  their  existence. 

Platinum  Monoxide,  PtO,  is  obtained  as  a  grey  powder  by  the 
careful  ignition  of  the  hydroxide,  or  as  a  violet  powder  by 
igniting  the  compound  of  platinic  oxide  and  lime  (see  p.  1388), 
and  treating  the  residue  with  nitric  acid.  It  is  also  probably 
formed  to  some  extent  as  already  mentioned  when  platinum  is 
heated  for  some  time  in  oxygen  (Wohler).  When  strongly  heated 
it  passes  into  the  metal,  deflagrating  when  heated  with  charcoal. 
It  is  reduced  to  platinum  black  when  heated  with  aqueous 
formic  acid,  CH^Og,  with  violent  evolution  of  carbon  dioxide. 

Platinous  Hydroxide,  Pt(0H)2,  is  obtained  by  decomposing  the 
dichloride  with  hot  caustic  potash.  The  whole  of  the  chlorine 
cannot,  however,  be  removed  in  this  way,  and  if  caustic  soda  be 
employed,  a  product  is  obtained  from  which  the  soda  cannot 
be  completely  washed  out  (Liebig).  It  is  prepared  in  the 
pure  state  by  mixing  one  part  of  potassium  platinochloride, 
KjPtCl^,  with  twelve  parts  of  water,  adding  the  exact  quantity 
of  dilute  caustic  soda  necessary  for  decomposition  and  heat- 
ing the  mixture  to  boiling  until  the  alkaline  solution  has 
become  neutral.  The  hydroxide  retains  its  water  in  a  re- 
markable manner,  one  sample  still  containing  6-6  per  cent,  of 
water  after  heating  for  several  days  at  405"  (Wohler).^  It  dis- 
solves in  hydrochloric,  hydrobromic,  and  sulphurous  acids,  but 
not  in  other  oxy-acids.  Boiling  caustic  potash  decomposes 
it  into  metal  and  the  dioxide.  It  is  an  oxidising  agent  and  acts 
as  a  weak  base,  of  which  the  halogen  salts,  as  well  as  a  few  double 
salts  of  the  oxy-acids,  have  been  prepared. 

Platinum  Dioxide,  PtOg,  is  obtained  as  a  black  powder  by 
gently  heating  the  corresponding  hydroxide. 

Platinum  Hydroxide  or  Platinic  Hydroxide  is  prepared  by 
boiling  a  solution  of  platinic  chloride  with  caustic  potash,  when, 

1  Zeit.  anorg.  Chem.,  1904,  40,  4g3, 
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a  basic  double  salt  is  precipitated,  and  this  is  treated  with  acetic 
acid  in  order  to  dissolve  out  the  alkali.  In  this  way  it  is  ob- 
tained as  an  almost  white  precipitate,  which  on  drying  becomes 
yellow.  This  is  termed  platinic  acid  and  probably  has  the  com- 
position ^  H2Pt(0H)g  =  Pt02,4H20,  analogous  to  platinichloric 
acid,  HgPtClg.  Platinic  hydroxide  acts  both  as  a  weak  base  and 
as  an  acid-forming  oxide.  It  dissolves  in  alkalis  and  the  solu- 
tions deposit  crystalline  platinates  such  as  K2Pt(0H)g  isomor- 
phous  with  the  stannates^;  they  do  not  lose  water  at  100- 
110°,  and  their  solutions  give  with  silver  acetate  a  precipitate 
of  Ag2Pt(0H)g.  A  reddish-yellow,  partially  crystalline 
powder  of  the  composition  Na5jO,3Pt02,6H20  is  obtained  when 
a  clear  aqueous  mixture  of  platinichloric  acid  and  sodium 
carbonate  is  exposed  to  sunshine,  or  when  the  mixture  is  heated 
for  some  time  at  100°.  The  aqueous  solution  of  the  two  salts 
may  also  be  evaporated  to  dryness,  and  the  residue  boiled  out 
with  water,  when  a  denser  precipitate  of  the  same  compound  is 
obtained  having  an  ochre-yellow  colour.  -A  compound  of  the 
composition  Na20,5Pt03,9H20  has  also  been  obtained  (Blondel). 
When  an  excess  of  lime  water  is  added  to  a  solution  of  platinic 
chloride  and  the  mixture  exposed  to  sunlight,  a  white  or  yellowish 
pulverulent  precipitate  falls  down,  to  which  the  name  of 
calcium  platinate  has  been  given,^  its  composition  corresponding 
approximately  to  the  formula  CaPt205,CaCl2,7H20.  If  the 
hydroxide  is  boiled  with  a  solution  of  a  polymolybdate,  or  a 
polytungstate,  salts  are  formed  of  the  complex  acids,  platin- 
molybdic  acid,  HgPtMojgOgg,  and  platintungstic  acid,  HgPt  Wi^Ogg. 
These  acids  and  their  salts  have  a  yellow  or  greenish  colour, 
and  are  crystalline.* 

Flatino-platinic  Oxide,  PtgO^,  is  obtained  as  a  black  insoluble 
powder  by  heating  sodium  platinichloride  with  sodium  car- 
bonate and  extracting  with  water ,^  whilst  platinum  sesquioxide, 
PtjOg,  is  obtained  as  a  dark-brown  powder  ^  by  heating  spongy 
platinum  with  sodium  dioxide,  neutralising  the  alkali,  washing, 
and  drying  at  450°.  According  to  Wohler,  however,  these 
substances  are  not  definite  oxides ;  only  two  oxides  of  platinum 

^  Bellucci,  AM  R.  Accad.  Lincei,  1903,  [5],  12,  ii.,  635  ;  Wohler,  Zeit. 
anorg.  Ohem.,  1904,  40,  423;  compare  Blondel,  Ann.  GUm.  Phys.,  1905,  [8], 
6,  81. 

^  Bellucci  and  Parravano,  Atti  R.  Accad.  Lincei,  1905,  [5],  14,  i.  459. 

'^  Herschel,  Phil.  Mag.,  1832,  [2],  1,  58.  *  (Jibbs,  Bcr.,  1877,  10,  1384, 

'■  Jdrgensen,  J.  pr.  Ghem.,  1877,  [2],  16,  344, 

"  Dudley,  Amer.  Ghem.  J,,  1902,  28,  59. 


PLATINUM  AND  THE   HALOGENS  1389 


exist  and    these    readily  form    colloidal    solutions    and    retain 
foreign  matter  on  precipitation. 

Platinuvi  Trioxide,  PtOg,  is  obtained  by  the  electrolysis  of  a 
solution  of  platinic  hydroxide  in  2N-potassium  hydroxide.  A 
compound  of  the  composition  K^O.SPtO,,  is  thus  obtained, 
which,  when  treated  with  cold  acetic  acid  yields  the  trioxide  as  a 
brown  powder.  It  readily  loses  oxygen  and  slowly  evolves 
chlorine  from  dilute  hydrochloric  acid.^ 

Platinum  and  the  Haloqess. 

641  Platinous  Fluoride,  PtFg,  is  formed  when  platinum  wire 
is  heated  to  dull  redness  in  a  current  of  fluorine.  It  is  thus 
obtained  as  a  deep-red  coloured  mass,  which  is  very  hygroscopic, 
and  is  decomposed  by  water  slowly  in  the  cold,  more  rapidly  on 
heating.  When  the  anhydrous  substance  is  heated,  it  yields 
fluorine  and  leaves  crystalline  platinum.^ 

Phosphorus  pentafluoride  acts  on  spongy  platinum  at  a  red 
heat  to  form  volatile  crystals  of  the  formula  PF3,PtF2.^ 

Platinum  MonocMoride,  PtCl. — When  a  solution  of  potassium 
platinichloride  in  10,000  parts  of  water  is  heated  for  so  me  days, 
a  yellow,  non-crystalline  precipitate  is  formed  which  probably 
consists  of  hydrated  platinum  rnonochloride,*  PbCl. 

Platinous  Chloride  or  Platinum  Bichloride,  PtClg,  is  formed 
when  platinichloric  acid,  H^PtClg,  obtained  by  dissolving  the 
metal  in  aqua  regia  and  crystallising,  is  heated  to  300°,  or 
when  spongy  platinum  is  heated  in  a  current  of  dry  chlorine  to 
between  240°  and  260°.^  It  is  a  greenish-grey  powder,  having 
a  specific  gravity  of  5-87,  which  is  not  readily  moistened  with 
water,  and  is  insoluble  in  this  liquid.  On  heating  it  decomposes 
into  platinum  and  chlorine.® 

Platinum  dicTiloride  unites  with  phosphorus  trichloride  to 
form  the  compound  PtCl^.PCls,  which  is  obtained  by  heating 
spongy  platinum  with  pentachloride  of  phosphorus  to  250°. 
The  product  is  easily  soluble  in  benzene  or  chloroform,  and 
crystallises  therefrom  in  fine  brown  needles.  When  these  are 
dissolved  in  water  and  the  solution  is  evaporated  m  a  vacuum, 

1  Wohler  and  Martin,  Ber.,  1909,  42,  332£. 

2  Moissan,   Compt.  rend.,  1889,  109,  807. 

8  Moissan,  Bull.  Soc.  chim.,  1891,  [3],  5,  454. 
«  Sonstadt,  Proc.  Chem.  Soc,  1898,  25. 

5  Scbutzenberger,  Ann.  Chim.  Phys.,  187>>.   *]   21,  351. 

6  See  Shenstone,  Journ.  Chem.  Soc,  1892,  61,  450. 
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orange-yellow  deliquescent  prisms  of  chloroplatinophosphorous 
acid,  PtCl2,P(OH)3,  are  obtained.  This  has  an  acid  metallic 
taste,  and  yields  a  white  precipitate  with  silver  nitrate  and  a 
yellow  one  with  lead  acetate.  Corresponding  salts  of  the  alkali 
metals  have  not  been  prepared,  since  hydroxides  and  carbonates 
decompose  the  acid. 

The  foregoing  compound  readily  takes  up  another  molecule  of 
phosphorus  trichloride,  forming  PtCl2(PCl3)2,  which  may  likewise 
be  crystallised  from  chloroform  or  benzene  in  large  deliquescent 
prisms ;  these  melt  at  160°,  and  when  stronglj^  heated  give  off 
phosphorus  trichloride.  If  they  are  allowed  to  remain  in 
contact  with  water  at  a  winter  temperature,  or  if  their  solution 
be  evaporated  at  a  low  temperature  in  a  vacuum,  very  deliques- 
cent yellow  needles  are  obtained  of  chloroplatinodiphosphm'ous 
acid,  PtCl2,2P(OH)3,  and  this  readily  undergoes  decomposition 
at  12°,  with  evolution  of  hydrogen  chloride,  into  the  compound 
PtC10P2(OH)5.  This  latter  forms  white  crystals,  is  less  deli- 
quescent than  the  former  compounds,  and  when  heated  to 
150°  is  converted  into  a  light-yellow  non-deliquescent  powder 
having  the  composition  PtC102P2(OH)3.  The  solution  of  this 
compound,  like  the  preceding,  is  precipitated  by  silver  nitrate.^ 

Carbonyl  Platinochlorides  or  Chloroplatinites. — When  plati- 
nous  chloride  is  heated  to  a  temperature  of  250°  in  a  current 
of  carbon  monoxide  the  following  compounds  are  formed: 
PtCl2,2COCl2,  PtCl2,C0,  PtCl2,2CO,  2PtCl2,3CO.  The  last 
named  is  produced  in  largest  quantity  and  is  obtained 
in  the  pure  state  by  boiling  the  crude  product  with  carbon 
tetrachloride.  In  this  way  fine  orange-yellow  needles  melting 
at  130°  are  obtained,  and  these  when  heated  to  froai  250°  to 
260°  in  dry  carbon  dioxide  yield  the  compound  PtCljjCO  in 
fine  needles ;  these  melt  at  194°  and  may  be  partially  sublimed 
in  a  current  of  dry  carbon  dioxide  at  240°,  and  at  300°  decom- 
pose into  carbonyl  chloride,  COCl,,  and  platinum.  When  this 
compound,  or  the  crude  product,  is  heated  to  150°  in  carbon 
monoxide,  the  compound,  PtCl2,2CO,  sublimes  in  white  needles 
which  melt  at  142°.^  All  these  compounds  are  decomposed  by 
water  with  separation  of  the  metal  and  formation  of  carbon 
dioxide  and  hydrochloric  acid. 

1  Schiitzenberger,  Bull.  Soc.  chim.,  1872,  [2],  17,  482 ;  18,  153 ;  Rosenheim 
and  Lowenstanim,  Zeit.  anorg.  Ohem.,  1903,  37,  394. 

»  Schutzenberger,  Ann.  Chim.  Phys.,  1868,  [4],  15,  100,  and  1870,  21,  325; 
PuUinger,  Journ.  Chem.  Soc,  1891,  59,  598. 
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642  The  PlatinocMorides  or  Chloroplatiniies.— The  solution  of 
platinous  chloride  in  hydrochloric  acid  may  be  regarded  as 
platinocMorio  or  chloroplatmous  acid,  ^^[PfcClJ.  The  potassium 
salt  is  the  usual  starting  point  for  the  preparation  of  this 
compound  and  its  salts.^ 

Potassium  Platinochloride,  KjPtCl^.— This  salt,  which  was 
first  prepared  by  Magnus,^  is  easily  obtained  by  adding  moist 
cuprous  chloride  to  a  thick  paste  of  potassium  platinichloride, 
KjiPtClg,  and  water,  in  such  quantity  that  a  small  portion 
remains  unreduced.  On  cooling  the  filtered  liquid,  the  greater 
portion  of  the  platinochloride  separates  out,  the  mother-liquor 
yielding  a  second  crop  on  concentration,  whilst  the  remainder 
of  the  salt  is  precipitated  from  the  last  portion  of  the  liquor 
with  alcohol.  These  various  crops  are  then  washed  with  alcohol, 
and  the  pure  salt  is  obtained  by  recrystallisation  from  hot  water. 
It  forms  soft  rose-coloured  crystalline  fibres.  It  may  also  be 
prepared  by  reducing  a  hot  solution  of  platinichloric  acid  with 
sulphur  dioxide  until  a  sample  gives  no  precipitate  with  ammo- 
nium chloride,  and  then  adding  a  hot  solution  of  potassium 
chloride.  On  cooling,  potassium  platinochloride  separates  out 
and  is  washed  with  alcohol  and  dried  in  absence  of  light.^ 
When  the  requisite  quantity  of  platinichloric  acid  is  added  to 
the  hot  saturated  solution  of  this  salt  a  precipitate  of  potassium 
platinichloride  is  formed  and  an  almost  pure  solution  of 
platinochloric  acid,  HjPtCl^,  is  obtained.  The  same  acid  is 
produced  by  treating  the  barium  salt  with  dilute  sulphuric  acid. 
On  evaporation  in  a  vacuum  over  sulphuric  acid  or  caustic 
potash,  a  solid  compound  separates  out  which  dries  with 
loss  of  hydrogen  chloride,  forming  a  brown  amorphous  mass  of 
H2Pt(OH)Ol3,H20.*  By  dissolving  oxides,  hydroxides,  carbon- 
ates or  chlorides  in  the  acid  a  series  of  compounds  is  obtained 
which  has  been  fully  described  by  Nilson. 

Ammonitcm  Platinochloride,  (NHj2PtCl^.— This  salt  was  de- 
scribed first  by  Vauquelin  and  afterwards  by  Peyronne.  It  crys- 
tallises from  solution  in  hot  water  in  large  red  four-sided  prisms 
or  in  thin  tablets. 

Most  of  the  other  platinochlorides  crystallise  with  water  in 
fine  red  or  brown  crystals  which  are  often  deliquescent;  some, 

1  Thomsen,  J.  pr.  Chem.,  1877,  [2],  15,  294. 

2  Pogg.  Ann.,  1828, 14,  241. 

«  Klaaon,  Ber.,  1904,  37,  1360. 

1  Nilson,  J.  pr.  Chem.,  1877,  [2],  15,  260. 
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such  as  the  silver  salt,  Ag^PtCl^,  and  the  lead  salt,  PbPbCl^, 
are  flesh-coloured  precipitates. 

Platinic  Chloride  or  Platinum  Tetrachloride,  PtOl^. — When 
metallic  platinum  is  heated  in  a  current  of  chlorine  it  is 
attacked,  and  this  compound  is  slowly  formed.  The  action 
diminishes  when  the  temperature  is  raised,  as  the  tetrachloride 
decomposes  into  metal  and  chlorine  at  500".  If,  however,  the 
temperature  be  raised  to  ]  ,300°,  the  formation  of  tetrachloride 
recommences ;  and  if  an  excess  of  chlorine  be  employed  and 
the  temperature  raised  to  1,700°,  the  action  becomes  rapid  and 
a  yellow  sublimate  of  tetrachloride  is  deposited.^  The  same 
reaction  occurs  if  a  spiral  platinum  wire  be  heated  by  an 
electric  current  nearly  to  its  melting  point  in  a  stream  of 
chlorine.  At  the  thick  end  of  the  wire  crystals  of  metallic 
platinum  are  deposited.  These  are  not  formed  owing  to  any 
volatility  of  the  metal,  but  are  produced  by  the  alternate  pro- 
duction and  decomposition  of  the  tetrachloride.^  The  anhydrous 
chloride  is  formed  also  when  crystalline  platinichloric  acid  is 
dried  over  sulphuric  acid  and  then  heated  to  369°  in  a  current 
of  chlorine,^  or  at  165°  in  a  current  of  hydrogen  chloride.* 

By  mixing  solutions  of  aqueous  platinichloric  acid  and 
silver  nitrate  in  the  proportion  of  one  molecule  of  the  former 
to  two  of  silver  nitrate,  a  precipitate  of  silver  platinichloride  is 
thrown  down,  whiah  is  decomposed  by  hot  water  into  silver 
chloride  and  platinic  chloride.  The  yellowish-red  solution 
yields  on  evaporation  over  sulphuric  acid  fine  red,  apparently 
monoclinic,  crystals  of  the  composition  PtCl4,5H20.  They  are  not 
deliquescent,  and  their  concentrated  solution  is  only  slowly 
precipitated  by  ammonium  chloride  on  standing.^  The  crystals 
are  converted  by  ammonia  into  the  acid  PtCl(0H)3.^  According 
to  Miolati,  platinum  tetrachloride  in  aqueous  solution  is  present 
as  the  dibasic  acid  H2PtCl^(OH)2,  and  salts  have  been  prepared 
corresponding  to  this  acid,  which  are  amorphous  powders.^ 

1  Troostand  Hautefeuille,  Gompt.  rend.,  1887,  84,  946  ;  Langer  and  Meyer, 
Pyrochem.  Untersuchungen,  p.  57. 

2  Hodgkinson  and  Lowndes,  Nature,  1888,  38,  6. 

"  Pigeon,  Compt.  rend.,  1890,  110,  77 ;  1891,  112,  1218  ;  Ann.  Chim.  Phys., 
1894,  [7],  2,  433. 

■■  PuUinger,  Joum.  Chem.  Soc,  1892,  61,  422. 

"  Norton,  Joum.  Chem.  Soc,  1872,  25,  680. 

"  Jorgensen,  J.  pr.  Chem.,  1877,  [2],  16,  345. 

'  Zeit.  anorg.  Chem.,  1900,  22,  445  ;  see  also  Kohlrausch,  Zeit.  physikal. 
Chem.,  1900,  33,  257. 
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Hydrates  containing  one,  four,  and  seven  molecules  of  water 
have  also  been  prepared. 

Platinichloric  Acid  or  Ghloro^latinic  Acid,  H2[PtClfi].— This 
compound,  which  is  often  erroneously  called  platinum  chloride, 
is  obtained  by  dissolving  the  metal  in  aqua  regia  and 
evaporating  with  hydrochloric  acid  until  all  nitric  acid  is 
removed.  It  crystallises  in  brownish-red,  very  deliquescent 
prisms  having  the  composition  HgPtClg.GHgO.  If  the  solu- 
tion be  repeatedly  evaporated  with  aqua  regia,  nitrosoplatinic 
chloride,  (N0)2PtClg,  is  formed.  This  crystallises  in  small 
orange-coloured  cubes  and  is  very  deliquescent,  dissolving  in 
water  with  evolution  of  nitric  oxide. 

The  hydrogen  in  platinichloric  acid  can  be  readily  replaced 
by  metals,  and  thus  a  series  of  crystalline  salts  termed  the 
platinichlo7'ides  or  chloroplatinates  is  obtained,  of  which  the  most 
important  are  those  of  the  alkali  metals,  their  widely  differing 
solubilities  rendering  them  very  valuable  in  analytical 
chemistry. 

Potassium  Platinichloride  or  Potassium  Ghloroplatinate, 
KgPtClg,  is  thrown  down,  on  the  addition  of  potash  or  a 
potassium  salt  to  the  acid,  in  the  form  of  a  yellow  crystalline 
precipitate  which  is  deposited  from  solution  in  hot  water  in  the 
form  of  small  reddish-yellow  octahedra,  having  a  specific  gravity 
of  3'586.  One  hundred  parts  of  water  dissolve,  according  to 
Bunsen  and  Kirchoff,  as  follows  : 

AtO°     10°      20°      30°       40°      50°       60°       70°      80°      90°     100° 

0-70  0-90  1-12  1-41  1-76  2-17  2-61  3-19  3-79  4-45  5-18  parts. 

It  is  insoluble  in  a  saturated  solution  of  potassium  chloride  as 
well  as  in  alcohol.  It  dissolves  in  caustic  potash  and  is 
precipitated  from  the  solution  on  the  addition  of  acids. 

Sodium  Platinichloride,  'S&^VtG\,QE.f>,  is  obtained  by 
evaporating  the  acid  with  common  salt,  when  light  red 
triclinic  prisms  or  tablets  are  deposited  which  have  a  specific 
gravity  of  2-499.  These  become  anhydrous  at  100°,  falling  to 
a  yellowish-red  powder,  which  is  readily  soluble  in  water  and 

alcohol. 

Uthium  Platinichloride,  Li2PtCl6,6H20,  crystallises  in  large 
orange-yellow  plates  which  effloresce  in  the  air  and  are  easily 
soluble  in  water  and  in  a  mixture  of  alcohol  and  ether,  but  not 
in  pure  ether. 

BuUdiMm   Platinichloride,   Rb^PtClg,   closely  resembles   the 

4  u 
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potassium  salt,  but  is  still  less  soluble,  100  parts  of  water  dis- 
solving, according  to  Bunsen,  the  following  amounts : 

At     20°  40°  60°  80°  100° 

0-141     0-166     0-258     0-417      0-634  part. 

Gcesium  Platinichloride,  Cs2PtClg,  is  the  least  soluble  of  the 
platinichlorides  of  the  alkali  metals,  100  parts  of  water  dis- 
solving : 

At     20°  40°  60°  80°  100° 

0-070     0-142     0-213     0291      0-377  part. 

It  forms,  like  the  rubidium  salt,  microscopic  glistening  honey- 
yellow  transparent  octahedra. 

Ammonium  Platinichloride,  (NH^)2PtClg,  is  obtained  by  pre- 
cipitating the  acid  with  an  ammonium  salt,  as  a  lemon-yellow 
crystalline  powder,  which  crystallises  from  hot  water  in  orange- 
yellow  octahedra ;  these  have  a  specific  gravity  of  3-0,  and  are 
indistinguishable  in  appearance  from  the  potassium  salt.  One 
hundred  parts  of  water  dissolve  at  the  ordinary  temperature 
about  0-666,  and  at  100°  1-25  parts  of  the  salt.  It  is  not 
soluble  either  in  alcohol  or  ether,  and  scarcely  soluble  in  a  solu- 
tion of  ammonium  chloride.  On  heating  it  decomposes  without 
fusion,  leaving  pure  platinum  sponge  behind.  Other  acids 
and  their  corresponding  salts  have  been  prepared  which  may 
be  regarded  1  as  being  intermediate  between  platinic  acid, 
H2[Pt(0H)g],  and  platinichloric  acid,  Il2[PtClg],  and  to  these 
compounds  may  be  ascribed  formulae  such  as  H2[Pt(OH)5Cl] 
and  H2[PtCl5(OH)]. 

Platinons  Bromide,  VtBr^,  is  obtained  by  heating  platini- 
bromic  acid  to  280°,  and  forms  a  bro-wn  mass  which  dissolves 
with  a  brownish-red  colour.  If  boiling  saturated  solutions  of 
potassium  platinichloride  and  potassium  bromide  are  mixed, 
double  decomposition  occurs,  and  the  potassium  chloride  may 
be  separated  from  the  potassium  platinobromide,  KjPtBr^,  by 
crystallisation.  The  latter  forms  large,  nearly  black  pyramids 
or  brownish-red  needles  (Thomsen).  Like  the  chloride  it 
unites  with  carbon  'monoxide,  forming  a  compound,  PtBr2,C0 
(Pullinger). 

Platinic  Bromide,  PtBr^.— Bromine  acts  upon  platinum  at 
different  temperatures  in  the  same  way  as  chlorine.     The  tetra- 

'  Miolati  and  Bellucci,  Aui  S.  Accad.  Lincei,  1900,  [5],  9,  ii.,  140;  1903, 
[5],  11,  ii.,  241,  271. 
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bromide  is  best  obtained  by  heating  spongy  platinum  with  bro- 
mine and  hydrobromic  acid  to  180°,  evaporating  the  solution 
and  drying  the  residue  at  180°.  It  is  a  brownish-black  deli- 
quescent powder,  nearly  insoluble  in  water,  but  readily  soluble 
in  alcohol  and  ether,  yielding  a  brown  solution.^  When 
platinum  is  dissolved  in  a  mixture  of  nitric  and  hydrobromic 
acids,  and  the  'concentrated  solution  allowed  to  evaporate  over 
quick  lime,  dark-red  monoclinic  prisms  of  platinibromic  acid, 
H2PtBrg,9H20,  are  deposited,  which  are  very  deliquescent. 
This  compound  gives  rise  to  a  series  of  platinibromides  corre- 
sponding to  the  platinichlorides,  most  of  which  possess  a  red 
colour. 

Platinous  Iodide,  Ptij,  is  formed  by  warming  the  chloride 
with  a  solution  of  potassium  iodide.  It  is  also  formed  with 
liberation  of  iodine  when  excess  of  potassium  iodide  is  added  to 
a  solution  of  potassium  platinichloride,  and  this  reaction  has 
been  used  as  a  method  of  estimating  platinum.^  It  is  a  black 
powder  closely  resembling  lamp-black  in  appearance. 

Platinic  Iodide,  Ptl^,  is  a  black  or  brownish-black  amorphous 
powder  obtained  by  the  action  of  hydriodic  acid  on  a  soluble 
platinichloride.  Platiniodic  acid,  HgPtlg.QHjO,  easily  decom- 
poses into  water,  hydriodic  acid,  and  platinic  iodide.  The 
platiniodides  are  brown,  and  possess  a  metallic  lustre ;  they 
are  soluble  in  water,  and  are  very  unstable,  giving  off  iodine  at 
a  temperature  below  100°. 

Platinum  and  the  Elements  of  the  Sulvhur  Group. 

643"  Platinum '  MonosulpUde,  PtS,  is  formed  when  platinum 
sponge  is  heated  with  sulphur  in  a  vacuous  glass  tube,  or  when 
platinous  chloride  is  fused  with  sodium  carbonate  and  sulphur, 
and  the  mass  extracted  with  water.  It  forms  a  green  powder 
or  a  mass  of  glistening  needles.''  When  heated  in  the  air  it 
decomposes,  leaving  a  residue  of  platinum,  and  when  ignited 
in    hydrogen    it    yields    sulphuretted    hydrogen   and    spongy 

platinum. 

Platimm  Bisulphide,  PtS^,  is  formed  as  a  steel-grey  powder 
by  heating  ammonium  platinichloride  with  sulphur  to  a  dark- 

'  V.  Meyer  and  Ztiblin,  Ber.,  1880,  13,  404;  Halberstadt,  iUd.,   1884,  17, 
2962. 
2  Peterson,  Zeit.  anorg.  Chem.,  1898,  19,  59. 
'  Debrav  and  Deville,  Compt.  rend.,  1879,  89,  587. 
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red  heat.  When  sulphuretted  hydrogen  is  passed  through  a 
solution  of  a  platinic  salt  a  black  precipitate  of  sulphide  is  first 
formed,  but  this  by  further  action  of  the  gas  becomes  light- 
brown,  from  formation  of  hydrogen  platinum  sulphide,  a  com- 
pound which  on  exposure  to  the  air  again  gives  off  sulphuretted 
hydrogen. 

The  disulphide  may  be  obtained  pure  by  precipitating  a 
solution  of  potassium  platinichloride  at  90°  with  sulphuretted 
hydrogen,  and  drying  at  70-80°  in  an  atmosphere  of  nitrogen.^ 

Platinum  disulphide  combines  with  basic  sulphides  and  there- 
fore dissolves  in  the  sulphides  of  the  alkali  metals. 

Potassium  Platinothioplatinate,  KgPt^Sg  =  K2S,3PtS,PtS2,  is 
obtained  by  fusing  together  platinum  sponge,  potash,  and 
sulphur,  and  lixiviating  the  mass  with  water.  It  then  separates 
in  the  form  of  hard  six-sided  tablets,  which  on  heating  in  the 
air  bum  like  tinder.  Dilute  sulphuric  acid  converts  it  into 
HjPt^Sg,  and  this  on  exposure  to  air  oxidises  to  platinum, 
sesquisulphide,  PtgSg,  forming  a  steel-grey  crystalline  powder. 

Di-sodimn  Platinothioplatinate,  Na^PtgSg  =  2Na2S,2PtS,PtS2, 
is  obtained  in  a  similar  way  to  the  preceding  compound,  and 
forms  pale  copper-red  thin  crystalline  needles  which  are  con- 
verted in  contact  with  hj'drochloric  acid,  without  alteration 
of  form,  into  a  reddish-brown  compound,  H^PtgSg,  which 
oxidises  extremely  quickly  in  the  air  with  formation  of  the 
sesquisulphide.^ 

A  compound  of  the  formula  PtSi5(NH^)2,2H20  has  been 
prepared  by  the  action  of  ammonium  polysulphide  on  platini- 
chloric  acid,^  and  forms  large  red  rhombic  crystals. 

Potassium  Plaiinosulphite,  KgPt(S03)^,2B[20. — A  solution 
of  potassium  platinochloride  becomes  decolorised  when  warmed 
with  acid  potassium  sulphite,  the  above  salt  separating  out  from 
the  solution  in  yellowish  or  colourless  needles.  Sodium  salts  pre- 
cipitate from  this  solution  sodium  plaiinosulphite,  ]SiagPt(S03)4, 
7H2O,  in  microscopic  needles.  Ammonium  plaiinosulphite, 
(NHJgPt(SOg)^,  is  obtained  by  similar  means. 

These  compounds  must  be  regarded  as  salts  of  complex  acids, 
since  they  do  not  show  the  ordinary  reactions  for  either 
platinum  or  sulphurous  acid. 

Platinic  Sulpliate,  Pt(S0j2,  is  obtained  as  a  brown  mass  by 

1  Antony  and  Lucchesi,  Gazz.,  1896,  26,  i.,  211. 

2  Schneider,  Pogg.  Ann.,  1866,  138,  604. 

■*  Hofmaun  and  Hoohtlen,  Ber.,  1903,  36,  3090. 
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acting  on  the  hydroxide  or  chloride  with  sulphuric  acid  and 
evaporating  the  solution. 

Platinum  Sehnide. — Spongy  platinum  unites  with  selenium 
with  incandescence  when  these  substances  are  heated  together, 
with  formation  of  a  grey  infusible  powder ;  this,  when  heated 
before  the  blowpipe,  loses  the  whole  of  its  selenium.  Platinum 
also  unites  with  tellurium  ^  to  form  the  tellurides,  Pt,Te,  PtTe, 
and  PtTe,,. 


Platinum  and  the  Elements  of  the  Nitrogen  Group. 

644  The  Flatinunitrites  or  Nitrito-platinites. — These  com- 
pounds are  probably  analogous  in  composition  to  the  ammo- 
niacal  derivatives  cori'esponding  to  the  platinous  salts  (p.  1399), 
and  behave  not  as  double  salts,  but  as  salts  of  a  complex  acid, 
since  they  do  not  show  the  usual  reactions  either  of  platinum 
salts  or  nitrites.  They  were  first  described  by  Lang,^  and 
afterwards  investigated  more  completely  by  Nilson.^ 

Potassium  Platinonitrite,  K^PtCNOg)^,  is  obtained  when  solu- 
tions of  potassium  nitrite  and  potassium  platinochloride  are 
warmed  together.  It  is  deposited  in  the  form  of  small  glisten- 
ing six-sided  prisms,  which  dissolve  in  27  parts  of  water  at  15°, 
and  at  a  higher  temperature  in  a  smaller  quantity.  Alkalis  do 
not  precipitate  platinum  oxide,  and  sulphuretted  hydrogen 
does  not  precipitate  sulphide  of  platinum  from  its  solution. 
When  the  solution  is  allowed  to  evaporate  spontaneously,  rhom- 
bic tablets  having  the  composition  K2Pt(N02),,2H,0  separate 
out,  which  effloresce  rapidly.  It  readily  combmes  with  a  mole- 
cule of  chlorine  or  bromine,*  and  forms  with  dry  liquid  nitrogen 
peroxide  the  compound  K,Pt(NO,)„N,0  and  with  cool 
concentrated  hydrochloric  acid  the  compound  K^PtC^  O^),,!!^!. 

Silver  Platinonitrite,  Ag.PtCNO^),,  is  obtained  when  solutions 
of  the  potassium  salt  and  silver  nitrate  are  mixed.  On  re- 
crystallising  the  precipitated  salt  from  hot  water  large  ye  low 
glistening  monoclinic  prisms  are  obtained,  which  on  heating 
decompose  with  incandescence  and  detonation. 

:  f^'^'^^l  ^'''-ZT'ssTs'  '''''  "^^1876,  9.  1722  ;  1877,  10,  934. 
=  J.pr.  Ckem.    1861,  83,  415-  ^        ^  „^^._  1891, 

i  Blomstrand,  J.  pr.   Chem.,  1871,  W,  ^'  ^"' ' 

112,  616  ;  113,  696.  ,,,=   ••     ,== 

5  Miolati,  Atti  R.  Accad.  Lincei,  1896,  [5],  5,  n.,  600. 
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Barium  Platinonitrite,  BaPt(N02)4,3H20,  is  obtained  by 
decomposing  the  silver  salt  with  barium  chloride.  It  crystal- 
lises from  solution  in  hot  water  in  colourless  octahedra.  If 
this  salt  be  decomposed  by  dilute  sulphuric  acid,  and  the  solu- 
tion evaporated  in  a  vacuum  over  caustic  potash,  microscopic 
crystals  having  the  colour  of  chromium  trioxide  separate  out ; 
these  possess,  according  to  Lang,  the  composition  H2Pt(N02)4. 
Nilson,  however,  was  unable  to  obtain  this  compound.  The 
solution  yielded,  on  evaporation,  a  gummy  mass  and  a  green 
glistening  residue,  having  the  composition  H^Pt30(N02)8,2H20, 
and  this,  on  neutralisation  with  potash  and  evaporation,  yielded 
the  potassium  salt,  K^Pt30(N02)8,2H20,  in  oblique  four-sided 
glistening  light-yellow  tablets. 

Fulminating  Platinum. — E.  v.  Meyer  has  examined  a  series 
of  explosive  compounds  obtained  by  acting  upon  ammonium 
platinichloride  with  potash,  the  existence  of  some  of  which  was 
pointed  out  long  ago  by  Proust  and  Dobereiner.  Their  consti- 
tution is  as  yet  unknown ;  the  yellow  precipitate  obtained  on 
heating  ammonium  platinichloride  with  potash  has  the  compo- 
sition PtClNHgOj-^ 


Ammoniacal  Platinum  Compounds. 

645  As  already  stated  (p.  1348),  the  various  platinum  salts 
are  capable  of  forming  complex  compounds  with  ammonia. 
The  first  of  these  compounds  was  obtained  in  1828  by  Magnus^ 
by  the  action  of  ammonia  on  platinous  chloride  as  a  green 
insoluble  salt  having  the  empirical  composition  PtCl2(NH3)2, 
which  is  usually  known  as  Magnus'  green  salt.  Gros  ^  then 
obtained  a  series  of  light-yellow  or  colourless  salts  by  the 
action  of  nitric  acid  upon  the  green  salt  of  Magnus.  Reiset  * 
and  Peyronne  ^  independently  found  that  by  the  action  of 
ammonia  on  Magnus' green  salt,  or  on  platinous  chloride,  two 
other  series  of  compounds  could  be  obtained.  These  were 
distinguished  as  the  chlorides  of  Reiset's  first  and  second 
bases.     Peyronne  showed  that  Magnus'  salt  is  a  platinichloride 


'2' 


'  J.  pi:  Chem.,  1878,  [2],  18,  .30.5. 

^  Pogg.  Ann.,  1828,  14,  204. 

^  Ann.  Chim.  Phys.,   1838,  [2],  69,  204. 

*  Ann.  Chim.  Phys.,  1844,  [.3],  H,  417;  Compt.  rend.,   1840,  10,  870;  1844, 

lOj   IJOo. 

'  Ann.  Chim.  Phys.,  1844,  [3],  12,  193 ;  1846  [3],  16,  462. 
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of  the  second  base.  Further  investigations  of  these  compounds, 
and  theoretical  speculations  concerning  their  constitution,  have 
been  made  by  various  other  chemists.^ 

The  constitution  of  these  compounds  is  probably  similar  to 
that  of  the  chromium  bases,  and  has  been  similarly  interpreted, 
according  to  each  of  the  two  views  already  discussed  (p.  1051). 
These  derivatives  exist  in  two  series,  in  which  the  platinum  is 
divalent  and  tetravalent  respectively. 

In  the  platinous  series,  the  metal  is  capable  of  combining 
with  or  co-ordinating  only  4  molecules  or  radicals  to  form  the 
characteristic  complex  radical,  and  the  maximum  number  of 
external  acid  radicals  is  2,  since  the  platinum  is  divalent. 

In  the  platinic  series,  on  the  other  hand,  the  metal,  like 
chromium,  is  capable  of  forming  a  complex  radical  with  6 
molecules  or  radicals,  but,  platinum  being  in  these  salts  tetra- 
valent, the  maximum  number  of  external  acid  radicals  is  4, 
instead  of  3  as  in  the  derivatives  of  trivalent  chromium. 

It  is  characteristic  of  the  platinum  series  that  the  free 
hydroxides  from  which  the  salts  are  derived  are  in  many  cases 
stable  substances,  whereas  this  is  rarely  the  case  in  the 
chromium  and  cobalt  series. 

The  following  are  the  chief  series  of  these  derivatives  which 
have  been  described,  X  and  E  being  monovalent  acid  and  basic 
radicals  respectively. 


Platinous  Compounds. 

1.  Tetrammine-platinous  compounds,  [(NH3)^Pt]X2. 

(Plato-  diammine.) 

2.  Triammine-platinous  compounds,  [X(NH3)gPt]X. 

3.  Diammine-platinous  compounds,  [X2(NH3)2Pt]. 

(Platosammine  and  platosemidiammine.) 

4.  Monammine-platinous  compounds,  [X3(NH3)Pt]R. 

(Platosemiammine.) 

1  Raewsky,  Ann.  Chvm.  Phys.,  1844,  [3],  12,  278;  Gerhardt,  Cor^t  ««d 
1850,  31,  244;  Buckton,  Annalen,  1852,  84,  220;  Thomsen,  ^er. ,  1870,3,42; 
Celling,  Ber.,  1870,  3,  42;  Blomstrand,  Ber.,  1871,  4,  673 ;  Cleve,  Bull  Soc. 
chhn  1867,  2],  7,  12  ;  1871,  15,  161  ;  16,  203 ;  1872,  17,  289  ;  Cossa,  Joura. 
CW  E  1887,  52,  642 ;  1896,  70,  ii.,  251  ;  5....  1890,  f  ^503  ;  2...  a»oj 
CUm.,  1891,  1,  65  ;  Werner,  ibid.,  1893,  3,  267 ;  189o,  8,  153 ;  1896,  12,  46 , 
see  also  references  given  under  chromium  (p.  1055). 


1400  PLATINUM 


Platinic  Compounds. 

1.  Hexammine-platinic  compounds,  [(NH3)gPt]X^. 

(Drechsel's  base.) 

2.  Pentammine-platinic  compounds  ;  unknown. 

3.  Tetrammine-platinic  compounds,  [X2(NH3)^Pfc]X2. 

(Platin-diammine.) 

4.  Triammine-platinic  compounds,  [X3(NH3)3Pt]X. 

(Platinmonodiammine.) 

5.  Diammine-platinic  compounds,  [X^(NHg)2Pt]. 

(Platinammine  and  platinsemidiammine.) 

6.  Monammine-platinic  compounds,  [Xg(NH3)Pt]R. 

( Platinisemiammine.) 

Magnus'  Green  Salt  [(NH3)^Pt]  [PtClJ,  which  is  the  starting-- 
point  for  the  preparation  of  these  derivatives,  is  made  by  the 
action  of  ammonia  on  platinous  chloride,  and  when  boiled  with 
ammonia  passes  into  tetrammine-platinous  chloride,  [(NH3)^Pt]Cl^. 

The  tetrammine  salts  lose  ammonia  when  heated,  thus  yield- 
ing the  symmetrical  diammine  compounds  (platosammine  salts), 
whilst  the  isomeric  asymmetrical  compounds  (platosemidiani- 
mine  salts)  are  formed  by  the  moderate  action  of  ammonia 
on  the  platinous  salts.  The  platinic  salts  are  formed  by  the 
oxidation  of  the  corresponding  platinous  derivatives.  The 
diammine  compounds  of  both  the  platinous  and  platinic  series 
can  exist  in  two  geometrically  isomeric  forms,  as  previously 
explained  (p.  1053). 

In  addition  to  the  classes  of  compounds  already  mentioned, 
several  others  have  been  described  containing  organic  substi- 
tuted ammonias  in  the  complex  radical,  and  also  compounds 
the  members  of  which  contain  more  than  one  atom  of  platinum. 
Very  little  is  known  of  these  latter  compounds,  for  a  detailed 
description  of  which  reference  must  be  made  to  the  original 
papers. 

Platinum  and  Phosphorus  and  Arsenic. 

646  Platinum  and  Phosphorus.  —  These  two  elements  fuse 
together  readily.  If  finely  divided  platinum  be  heated  in  the 
vapour  of  phosphorus  it  burns  with  evolution  of  light  to  form 
platinum  diphosphide,  PtPj,  which  is  a  bright  mass  with  a 
metallic  lustre,  not  attacked  by  hydrochloric  acid,  but  easily 


THE   PLATINOCYANIDES  1401 


dissolved  by  ammonia  (Schrotter).  According  to  Granger  i 
the  phosphide  PtgPg  is  formed  at  the  same  time,  and  this 
compound  is  also  obtained  if  platinum  be  heated  at  about  600° 
in  phosphorus  vapour. 

Spongy  platinum  and  arsenic  unite  with  incandescence.  The 
brittle  alloy,  PtAsg,  loses  the  whole  of  its  arsenic  on  ignition. 
Platinum  forms  brittle  alloys  also  with  antimony,  bismuth,  and 
vanadium. 

Platinum  and  Carbon. 

647  The  Platinocyanides. — The  potassium  salt  is  formed  when 
a  mixture  of  equal  parts  of  spongy  platinum  and  potassium 
ferrocyanide  is  heated  nearly  to  redness  in  a  crucible,  the  mass 
dissolved  in  water,  and  the  filtrate  evaporated  (Gmelin),  or  when 
platinous  chloride  is  dissolved  in  potassium  cyanide.^  The 
other  salts  can  be  obtained  by  double  decomposition. 

Platinocyanic  Acid,  H2[PtCy^],  is  obtained  by  decomposing 
the  copper  or  mercury  salt  with  sulphuretted  hydrogen,^  or  by 
decomposing  the  barium  salt  with  dilute  sulphuric  acid.*  After 
evaporating  to  dryness,  the  residue  is  treated  with  a  mixture  of 
alcohol  and  ether,  and  the  ethereal  solution  allowed  to  evaporate 
spontaneously,  when  fine  cinnabar-red  prisms,  exhibiting  a 
splendid  blue  colour  by  reflected  light,  are  obtained.  These 
have  the  composition  HgPtCy^.SHgO.  Sometimes  yellowish- 
green  crystals,  having  a  copper-red  or  golden  lustre,  are  obtained, 
which  contain  more  water.  When  heated  to  100°  they  become 
yellow,  and  they  decompose  at  temperatures  above  140°.  They 
are  deliquescent,  yielding  a  colourless  solution  in  alcohol; 
the  aqueous  solution  decomposes  carbonates  with  evolution 
of  carbon  dioxide. 

Potassium  Platinocyanide,  K2PtCy4,12H20,  is  obtained  by 
dissolving  ammonium  platinichloride  together  with  caustic 
potash  in  a  boiling  concentrated  solution  of  potassium  cyanide. 
The  liquid  is  boiled  until  no  furbher  evolution  of  ammonia  takes 
place,  when  the  salt  crystallises  out.^  This  is  also  formed 
when  spongy  platinum  is  boiled  with  a  solution  of  potassmm 
cyanide,  or  when  a  mixture  of  these  two  substances  is  heated 

1  Oompt  rend.,  1896,  123,  1284. 

•^  Rnop,  Annalen,  1842,  43,  HI. 

'  Quadrat,  Annalen,  1847,  63,  164  ;  1848,  65,  249  ;  1849,  70,  .300. 

*  Weselsky,  J.pr.  Chem.,  1856,  69,  276. 

5  Martius,  Annalen,  1861,  117,  357. 
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at  a  temperature  of  from  500°  to  600°  in  steam  (Deville  and 
Debray) : 

4KCy+Pt  +  2H20  =  K2PtCy^+2KOH  +  H2. 

It  forms  long,  yellow,  rhombic  prisms,  exhibiting  a  blue  metallic 
lustre  by  reflected  light,  and  it  is  very  readily  soluble  in  water. 
If  the  hot  solution  be  saturated  with  chlorine,  or  boiled  with 
aqua  regia,  colourless  prisms  of  potassium,  chloroplatinicyanide, 
KgPtCy^ClajSHgO,  are  obtained  on  evaporation.  If  this  solution 
be  mixed  in  the  right  proportion  with  potassium  platino- 
cyanide  a  double  salt  is  obtained  of  the  composition 
5K2PtCy^,K2PtCy^Cl2,21H20,  crystallising  in  magnificent 
green  prisms  which  exhibit  a  copper-red  lustre  by  reflected 
light  and  are  soluble  in  water.  This  salt,  which  is  formed  also 
when  potassium  platinocyanide  is  treated  with  a  moderate 
quantity  of  chlorine,  was  at  one  time  believed  to  be  a  platini- 
cyanide  corresponding  to  potassium  ferricyanide,  as  the  presence 
of  chlorine  in  it  had  been  overlooked,  and  because  in  alkaline 
solution  it  acts  as  an  oxidising  agent,  potassium  hypochlorite 
being  formed : 

SK^PtCy^  +  KgPtCy.Cl^ + 2K0H  =  eK^PtCy, + KOCl  + 
KCl  +  H^O. 

Its  true  composition  was  first  pointed  out  by  Hadow.i 

Barium  Platinocyanide,  BaPtCy4,4H20,  was  first  obtained 
by  passing  hydrocyanic  acid  into  water  containing  platinous 
chloride  and  barium  carbonate  in  suspension.^  It  can  also  be 
readily  obtained  by  decomposing  the  copper  salt  by  baryta 
water,  or  by  adding  the  calculated  quantity  of  barium  hydroxide 
and  hydrocyanic  acid  to  a  solution  of  platinichloric  acid,  and 
treating  the  warm  mixture  with  sulphur  dioxide  until  colour- 
less. The  barium  sulphate  formed  is  filtered  off  and  the  solu- 
tion cooled,  when  barium  platinocyanide  separates  out  and  may 
be  purified  by  recrystallisation  from  water.  This  method  of 
preparation  serves  as  a  means  of  separating  platinum  from 
iridium,  the  compound  of  the  latter  metal  remaining  in  solution.^ 
Barium  platinocyanide  forms  large  rhombic  crystals  which 
exhibit  a  green  colour  ■  in    the    direction  of  the  primary  axis, 

1  Joum.  Chem.  Soc,  1861,  106. 

=  Weselsky,  /.  pr.  Chem.,  1856,  69,  276. 

^  Bergsije,  Zeit.  anorg.  Chem.,  1899,  19,  318. 
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whilst  at  right  angles  to  this  direction  they  appear  of  a  sulphur- 
yellow  colour. 

Magnesium  Platinocyanide,  2MgPtCy^,7H20,  is  obtained  by 
decomposing  the  barium  salt  with  magnesium  sulphate,  and  is 
one  of  the  most  beautiful  salts  of  this  group.  It  forms  large 
square-based  red  prisms,  the  sides  of  which  viewed  by  reflected 
light  have  a  beetle-green  lustre,  whilst  the  end  faces  reflect  blue 
or  purple  light.  It  crystallises  from  alcohol  with  six  molecules 
of  water  in  four-sided  lemon-yellow  tablets,  having  a  blue 
reflection,  and  often  exhibiting  all  shades  of  colour  of  red,  blue, 
and  green. 

Many  other  platinocyanides  besides  these  are  known,  of 
which  several  are  remarkable  for  their  splendid  play  of  colours. 
Some,  such  as  the  green  copper  salt,  are  insoluble  powders 
obtained  as  precipitates  by  double  decomposition.  A  very 
characteristic  reaction  for  the  platinocyanides  is  that  on  addi- 
tion of  a  mercurous  or  a  mercuric  salt  to  their  solution  a 
white  precipitate  is  first  thrown  down,  but  on  addition  of  more 
mercurous  salt  this  becomes  of  a  smalt-blue  colour. 

These  salts  become  luminous  when  exposed  to  the  Rontgen 
rays,  and  are  employed  for  making  screens  by  means  of  which 
the  absorption  of  these  rays  may  be  observed. 

Potassium  Flatinothiocyanate,  K2Pt(SCN)^,  is  obtained  by 
dissolving  platinum  dichloride  in  a  solution  of  potassium  thio- 
cyanate,  or,  better,  by  dissolving  equal  parts  of  potassium  platino- 
chloride  and  potassium  thiocyanate  in  the  smallest  quantity 
of  water,  when  the  mixture  becomes  warm,  and,  on  cooling,  the 
salt  separates  out  in  red  microscopic  prisms.  When  the  corre- 
sponding barium  salt  is  decomposed  by  dilute  sulphuric  acid, 
the  free  acid  is  obtained  in  solution,  but  this  undergoes  rapid 
decomposition.^ 

Platinithiocyanic  Acid,  H2[Pt(SCN)e].— On  decomposing  the 
lead  salt  with  dilute  sulphuric  acid,  a  thick  dark-red  very  acid 
Uquid  is  obtained,  which  decomposes  carbonates,  and  dissolves 
zinc  with  evolution  of  hydrogen.  On  evaporation  in  a  vacuum 
an  indistinct  crystalline  mass  remains  behind. 

Potassium  PlatinUUocyanate,  K,Vt{QG^\,  is  obtained  by 
adding  potassium  thiocyanate  solution,  not  in  excess,  to  a 
solution  of  potassium  platinichloride  and  heating  to  boilmg. 
The  filtered  solution  on  cooling  deposits  large  six-sided  prisms 
or  tablets  having  a  carmine-red  colour  and  possessing  a  very 
1  Buckton,  Joum.  Chem.  Soc,  1855,  22, 
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disagreeable  taste.  They  dissolve  in  water  forming  such  a  deep- 
red  solution  that  one  drop  of  the  concentrated  liquid  imparts  a 
distinct  colour  to  100,000  parts  of  water.  When  the  concen- 
trated solution  is  boiled  with  ammonium  sulphate  a  very 
similar  ammonium  platinithiocyanate  is  formed.  The  platini- 
thiocyanates  of  the  alkali  metals  are  soluble  in  water  and 
crystallisable ;  those  of  the  heavy  metals  are  insoluble,  and  have 
a  yellowish-  or  blackish-red  colour  (Buckton). 

Detection  and  Estimation  of  Platinum. 

648  If  a  platinum  compound  be  heated  on  a  carbonised  match 
in  the  gas-flame  a  grey  spongy  mass  is  obtained  soluble  only  in 
aqua  regia.  The  concentrated  solution  yields  with  potassium 
chloride  and  ammonium  chloride  the  well-known  and  character- 
istic precipitates.  Sulphuretted  hydrogen  throws  down  from 
solutions  of  a  platinum  salt,  slowly  in  the  cold  but  more  quickly 
on  heating,  the  brown  disulphide  which  is  soluble  in  an  excess 
of  yellow  ammonium  sulphide.  A  solution  of  stannous  chloride 
colours  platinic  chloride  solutions  dark-brown,  inasmuch  as 
platinous  chloride  is  formed. 

In  the  general  separation  of  the  metals  platinum  and  gold  are 
obtained  together  with  arsenic,  antimony,  and  tin.  Their  pres- 
ence is  indicated  by  the  brown  colour  of  the  precipitate  pro- 
duced by  hydrochloric  acid  in  the  solution  in  ammonium 
sulphide.  In  this  case  the  precipitate  is  fused  with  sodium 
carbonate  and  nitre,  the  fused  mass  lixiviated  with  water,  and 
the  residue,  which  may  contain  the  gold  and  platinum  together 
with  tin  dioxide  and  sodium  antimonate,  is  treated  with  zinc 
and  hydrochloric  acid  when  the  latter  two  compounds  are 
reduced  to  metals.  The  mass  is  first  boiled  with  hydrochloric 
acid  to  remove  the  tin,  and  next  with  nitric  acid  and  a  little 
tartaric  acid  to  dissolve  the  antimony;  the  residue  is  then 
treated  with  aqua  regia,  the  solution  concentrated  and  evaporated 
to  dryness  on  the  water-bath  with  an  excess  of  ammonium 
chloride,  and  alcohol  added  to  dissolve  the  gold  chloride.  From 
the  alcoholic  solution  the  gold  may  be  readily  precipitated 
with  ferrous  sulphate.  The  portion  insoluble  in  alcohol  may 
contain  ammonium  platinichloride,  and  this  on  ignition  will 
leave  a  residue  of  spongy  platinum.  The  qualitative  separation 
of  the  platinum  metals  by  means  of  their  sulphides  has  already 
been  described  (p.  1359). 
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An  alternative  method  for  the  rapid  qualitative  analysis  of  a 
mixture  containing  these  metals  has  been  devised  by  Mylius 
and  Dietz.i  A  solution  of  the  chlorides  is  boiled  in  a  retort 
with  dilute  nitric  acid  and  the  vapours  passed  into  a  solution  of 
caustic  soda.  If  osmium  be  present  it  is  thus  converted  into  the 
volatile  tetroxide  which  forms  a  yellow  solution  in  the  soda  and 
may  be  detected  in  the  usual  manner.  The  residual  liquor, 
after  extraction  with  ether  to  remove  gold  chloride,  is  then  heated 
with  ammonium  acetate  and  formic  acid  for  several  hours  in  a 
reflux  apparatus,  whereby  the  salts  of  the  platinum  metals  are 
reduced  to  the  metals,  and  the  black  precipitate,  after  washing 
and  drying,  is  heated  to  redness  in  a  stream  of  hydrogen  to 
remove  mercury.  The  residue  is  then  extracted  with  hydro- 
chloric acid,  mixed  with  sodium  chloride,  heated  in  chlorine 
and  the  product  dissolved  in  a  little  water,  filtered,  and  ammo- 
nium chloride  added  so  long  as  any  precipitate  forms.  In  this 
way  the  platinum,  iridium,  and  ruthenium  are  precipitated, 
whilst  the  palladium  and  rhodium  remain  in  solution,  but  the 
separation  is  not  quantitative.  The  precipitate  is  dissolved  in 
warm  water,  treated  with  hydroxylamine  and  again  precipitated 
with  ammonium  chloride,  whereby  the  tetrachlorides  of  ruthen- 
ium and  iridium  first  formed  are  converted  into  the  trichlorides 
which  remain  in  solution,  whilst  the  platinum  is  precipitated  as 
ammonium  platinichloride.  Ruthenium  and  iridium  are  separ- 
ated in  the  filrate  from  this  precipitate  by  evaporating  to 
drjTiess,  reducing  to  the  metals  in  a  current  of  hydrogen, 
fusing  with  potash  and  nitre,  extracting  with  water  and  dis- 
tilling off  the  volatile  ruthenium  tetroxide  in  a  current  oi 
chlorine  into  dilute  acidified  alcohol.  The  iridium  is  detected 
in  the  insoluble  residue  by  treatment  with  chlorine  and  sodium 
chloride  and  precipitation  with  ammonium  chloride.  The 
original  filtrate  containing  rhodium  and  palladium  is  evaporated 
to  dryness  with  excess  of  ammonia,  the  residue  dissolved  in 
the  least  possible  quantity  of  ammonia  and  cooled,  when  the 
less  soluble  ammoniacal  rhodium  chloride  separates  out,  and 
the  palladium  may  be  precipitated  from  the  filtrate  by  hydro- 
chloric acid  as  palladosammine  chloride. 

The  quantitative  estimation  of  platinum  always  takes  place  as 
metal,  obtained  by  ignition  of  ammonium  platinichloride,  or  by 
heating  potassium  platinichloride  in  a  current  of  hydrogen  and 

1  Ber.,  1898,  31,  3191. 
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lixiviating  the  residue  with  water,  or  sometimes  also  by  ignition 
of  the  sulphide. 

The  Atomic  Weight  of  platinum  was  determined  by  Berzelius  ^ 
by  analysis  of  the  potassium  double  chloride;  the  mean 
number  obtained  by  him  was  1971 ;  Andrews,^  who  employed 
the  same  method,  found  the  atomic  weight  to  be  197'9,  but 
Seubert  ^  obtained  195'14,  and  Halberstadt,*  confirming  this 
result,  found  195'07.  More  recent  work  by  Archibald,^  who 
analysed  the  carefully  purified  potassium  and  ammonium  salts 
of  chloro-  and  bromo-platinic  acids,  has  given  the  figure  195'23. 
The  value  now  (1913)  adopted  is  195-2. 

1  Lehrbuch,  5te  Aufl.  3,  1212.  ^  c}ig^   gf^sz.,  1852,  379. 

s  Annalen,  1881,  207,  1.  *  Ber.,  1884,  17,  2963. 

5  Proc.  Roy.  Soc.  Edin,  1909,  29,  721. 
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THE   RADIOACTIVE   ELEMENTS. 

649  Becquerel's  discovery  of  the  radioactivity  of  uranium  in 
1896  has  led  to  the  development  of  an  entirely  new  branch  of 
scientific  thought.  Special  methods  of  investigation,  mainly 
physical  in  character,  have  been  invented,  and  the  results  are 
of  extraordinary  interest  and  importance.  Much,  however,  yet 
remains  to  be  done  before  many  of  the  conclusions  hitherto 
drawn  can  be  considered  as  established,  and  discoveries  are 
constantly  being  made.  Under  these  circumstances  only  a  very 
brief  outline  of  the  subject  is  here  attempted.^ 

650  The  phenomena  of  the  electrical  discharge  in  an  ordinary 
vacuum  tube  containing  gas  at  a  few  millimetres  pressure  are 
familiar  to  everyone.  If  the  tube  contain  air  or  nitrogen,  we 
have  the  negative  pole,  or  cathode,  clothed  with  a  violet  glow, 
quite  distinct  from  the  brick-red  positive  column,  which  occupies 
most  of  the  tube.  The  narrow  portion  of  the  tube  may  be  bent 
into  any  curved  form — a  spiral,  for  example — and  the  discharge 
follows  all  the  curves.  But  the  phenomena  are  quite  different 
if  the  vacuum  in  the  tube  be  greatly  increased ;  the  dark 
space  which  separates  the  cathode  from  the  violet  glow- 
becomes  much  greater,  and  the  discharge  from  the  cathode 
refuses  to  follow  convolutions  of  the  tube,  but  pursues  a 
straight  course,  normal  to  the  surface  of  the  cathode,  until  it 
strikes  the  glass,  where  it  produces  phosphorescence.  The 
phenomena  of  such  high  vacua  were  investigated  by  Crookes  ^ 
in  1870.  He  found  these  electric  streams  from  the  cathode  to 
be  capable  of  producing  brilliant  phosphorescence  in  diamonds, 
rubies,  &c.,  and  of  throwing  well-defined  shadows  of  objects 
placed  in  their  path  upon  the  opposite  wall  of  the  tube,  which 

1  A  full  account  of  the  subject  is  given  in  BadioaHive  Suhstances  and  their 
Radiations,  by  Rutherford  (Cambridge:  The  University  Press,  1913).  The 
chemical  behaviour  of  radioactive  bodies  is  dealt  with  by  Soddy  in  The. 
Chemistry  of  the  Radio- Elements  (Longmans). 

2  Phil.  Trans.,  1874,  164,  501  ;  1875,  165,  519  ;  1876,  166,  325. 
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phosphoresces  all  round  the  shadow.  Further,  this  electric  stream 
is  capable  of  putting  lightly  poised  vanes  into  motion,  and  it  is 
deflected  by  a  magnet  brought  near  the  tube.  Such  an  electric 
stream  is  now  spoken  of  as  consisting  of"  cathode  rays."  It  was 
shown  by  Hertz  that  the  cathode  rays,  though  they  will  not 
pass  through  glass  or  mica,  will  penetrate  thin  metal  foil,  aiid 
Lenard,  by  constructing  vacuum  tubes  with  aluminium 
"  windows,"  observed  the  cathode  rays  to  pass  out  through 
the  metal  into  the  air,  and  there  to  produce  phosphorescence, 
although  the  rays  cannot  be  produced  at  all  in  air  at  ordinary 
pressure.  There  is  now  no  doubt  that  Crookes  was  right  in 
speaking  of  these  phenomeija  as  belonging  to  a  "  fourth  state  " 
of  matter,  as  something  quite  different  from  matter  in  either 
the  solid,  liquid,  or  gaseous  state.  The  cathode  rays  are 
generally  recognised  as  streams  of  electrons  carrying  negative 
charges. 

J.  J.  Thomson  showed,^  in  1897,  that  the  cathode  rays  are  not 
only  deflected  in  a  magnetic  field,  but  are  also  deflected  by  an 
electric  field,  and  this  is  what  should  occur  if  the  rays  are 
streams  of  negatively  electrified  particles.  This  investigator 
employed  an  experimental  arrangement  consisting  of  a  vacuum 
tube  so  arranged  that  the  cathode  stream  passed  midway 
between  two  parallel  insulated  plates  of  metal,  which  were 
respectively  charged  positively  and  negatively.  When  the 
plates  were  uncharged  the  cathode  stream  produced  a  luminous 
spot  on  the  end  of  the  tube,  but  when  the  plates  were  charged 
the  displacement  of  the  luminous  spot  showed  that  the  stream 
had  been  deflected  towards  the  positively  charged  plate,  thus 
proving  that  the  particles  of  which  the  stream  consisted  carried 
a  negative  charge. 

By  means  of  an  electro-magnet  the  stream  could  be  deflected 
in  the  opposite  direction  so  as  to  bring  the  luminous  spot  back 
to  its  original  position,  and  by  measurement  of  the  strengths  of 
the  electric  and  magnetic  fields,  data  were  obtained  for  calculat- 
ing the  velocity  of  the  particles,  and  also  the  ratio  of  the  electric 
charge  to  the  apparent  mass  of  a  particle.  The  strength  X  of 
the  electric  field  is  Vld  where  V  is  the  difference  of  potential  of 
the  plates,  and  d  their  distance  apart.  If  R  be  the  strength  of 
the  magnetic  field,  the  force  acting  on  a  particle  with  charge  e 
and  moving  with  velocity  m  is  Hm,  and  when  a  balance  has 
been  obtained, 

'  Phil.  Mag.,  1897,  [5],  44,  '293. 
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Heu  =  Xe.     ...     (1) 

If  the  magnetic  field  be  acting  alone,  a  particle  of  mass  m 
and  charge  e  describes  a  circular  orbit  of  radius  p,  such  that : 

39  =  "^.     ...     (2) 

e 

From  equations  (1)  and  (2)  the  values  of  «  and  e/m  can  be 
determined.  By  measurements  made  in  this  way  it  has  been 
found  that  the  velocity  of  the  particles  varies  between  10"  and 
IQi"  cm.  per  second.  (The  velocity  of  light  is  3x101",  and 
the  velocity  of  the  molecules  of  hydrogen  in  the  gas  at 
0°  C.  is  1-844  X  10^  cm.  per  sec).  These  experiments  do  not, 
however,  give  us  the  mass  of  a  particle,  but  only  the  ratio  of 
the  charge  to  the  mass.  It  follows  from  Faraday's  laws  of 
electrolysis  that  all  monovalent  ions  in  electrolysis  carry  the 
same  charge,  and  experiment  has  shown  that  it  requires 
9'6  X  10*  electro-magnetic  units  of  electricity  to  set  free  one 
gram  of  hydrogen.  If  N  be  the  number  of  atoms  in  one 
gram  of  hydrogen,  then  iV«  =  9'6xlO^  and  if  m  be  the  mass 
of  a  hydrogen  atom,  then  Nin  =  \.  Hence  e/m  =  96x10' 
for  the  hydrogen  ion.  Simon  ^  obtained  an  average  value  of 
1'86  X  10^  (with  an  average  velocity  of  7  x  10^)  for  the  ratio  ejm 
for  the  cathode  rays,  and  if  we  assume  that  the  charge  of  the 
particles  (or  electrons)  is  the  same  as  that  of  an  atom  of 
hydrogen,  so  that  c  has  the  same  value  in  the  two  equations 
e/m  =  1'86  x  10''  and  «/m'  =  9'6  X  10*  (where  m  is  the  mass  of  the 
hydrogen  atom),  then  m'=  1943m.  The  mass  of  the  particle  in 
the  cathode  rays  is  thus  about  the  one  two- thousandth  part  of 
the  mass  of  a  hydrogen  atom. 

It  has  been  mentioned  that  the  cathode  rays  excite  phos- 
phorescence in  the  glass  of  the  tube  at  the  place  where  they 
impinge,  or  in  other  substances  placed  in  the  path  of  the 
stream  of  electric  particles. 

In  1895  Rontgen  discovered  that  imder  these  circumstances 
the  phosphorescent  glass  emitted  rays  of  a  most  remarkable 
character— the  so-called  X-rays— capable  of  penetrating  such 
opaque  substances  as  paper,  wood,  aluminium,  flesh,  &c.,  but 
stopped  by  lead,  platinum,  glass,  or  bone.  These  rays  have  the 
power  of  exciting  fluorescence  in  such  substance  as  barmm 
platinocyanide,  and  of  affecting  a  photographic  plate;  so  that  it 

1  Ann.  Physik,  1899,  69,  589. 
VOL.   II  ■*  ^ 
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is  possible  to  photograph,  or  by  the  use  of  a  fluorescent  screen 
to  see,  the  shadow  of  the  bones  in  one's  hand,  or  a  coin  concealed 
between  the  pages  of  a  book.  The  X-rays  are  incapable  of 
refraction  or  reflection  from  isotropic  media  ;  recently,  however, 
reflections  have  been  obtained  from  crystalline  substances  such 
as  mica,  but  this  phenomenon  is  probably  more  analogous  to 
interference  in  optics  than  to  true  reflection.^  The  rays  are  not 
sensibly  acted  on  by  a  magnet.  They  have  also  been  found  to 
have  the  power  of  discharging  an  electroscope. 

There  is  another  type  of  rays  which  is  observed  when  an 
electric  discharge  passes  through  a  rarefied  gas.  It  was  shown 
by  Goldstein  that  under  certain  conditions  of  pressure,  streams 
of  rays  pass  through  the  holes  in  a  perforated  cathode.  These 
streams  are  known  as  canal  rays,  and  have  been  shown  by  Wien 
to  consist  of  positively  charged  particles  moving  with  high 
velocities.  From  measurements  of  their  deflection  in  electric  and 
magnetic  fields,  it  appears  that  the  carriers  of  the  electricity  are 
of  atomic  size  and  thus  differ  in  this  respect  from  the  cathode 
particles,  as  well  as  in  carrying  electricity  of  opposite  sign. 
This  distinction  between  the  sizes  of  the  carriers  of  positive  and 
negative  electricity  is  general  and  of  great  importance,  and  will 
be  seen  later  to  exist  in  the  positively  and  negatively  charged 
radiations  emitted  by  radioactive  bodies. 

Some  recent  experiments  by  J.  J.  Thomson  are  of  particular 
interest  as  a  delicate  means  of  chemical  analysis.  The  method 
consists  in  subjecting  the  positive  rays  simultaneously  to  an 
electric  and  magnetic  field  and  noting  the  deflection  suffered 
by  the  rays.  The  electric  and  magnetic  fields  are  arranged  to 
be  in  the  same  direction  so  as  to  deflect  the  rays  in  two 
directions  at  right  angles  to  each  other,  with  the  result  that 
the  particles  move  along  different  paths  determined  by  the 
masses  and  velocities  of  the  particles.  The  experimental 
arrangement  will  be  understood  from  Fig.  203.  An  electric 
discharge  is  passed  through  the  rarefied  gas  contained  in  the 
vessel  A  provided  with  a  cathode  C  with  a  small  hole  at  its 
centre.  The  positively  electrified  particles  which  move  with 
great  velocity  towards  the  cathode  pass  through  this  hole  and 
emerge  as  a  fine  pencil  of  electrified  particles  passing 
between  the  plates  Z  and  M  connected  to  the  positive  and 
negative  poles  of  a  battery,  and  between  the  pole-pieces  P  and  Q 

^  Laue,    Priedriohs,    and    Knipping,     Sitzungsber.    Bayr.    Akad.     Wiss., 
1912,  303. 
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of  an  electromagnet.  The  heterogeneous  pencil  of  particles,  all 
of  which  follow  the  same  course  before  entering  the  electric 
and  magnetic  fields,  is  split  up  into  a  number  of  groups  of  rays 
branching  off  in  different  directions.  No  two  particles  move 
along  the  same  path  unless  they  have  the  same  masses  and 
also  the  same  velocities.  It  can  be  shown  that  all  particles 
with  the  same  masses  but  with  different  velocities  move  along 
the  surface  of  a  cone  which  is  peculiar  to  the  particular  particle, 
so  that  if  this  cone  is  determined,  the  nature  of  the  particle 
carrying  the  positive  charge  is  also  known ;  in  this  way,  from  a 
study  of  the  path  traversed  by  a  particle,  it   is  possible   to 


Fig.  203. 


deduce  its  mass  and  therefore  the  chemical  nature  of  the  atom 
or  molecule  constituting  the  positive  radiation.  The  cones  are 
determined  by  observing  their  parabolic  sections  on  a  photo- 
graphic plate  placed  in  the  path  of  the  rays.  A  typical 
photograph  obtained  in  this  way  is  shown  in  Fig.  204.  The 
photograph  was  obtained  with  the  residues  from  liquid  air 
containing  the  lighter  gases;  there  are  present  lines  corres- 
ponding to  helium,  neon,  argon,  and  also  a  line  of  special 
interest  corresponding  to  an  atomic  weight  22,  which  cannot 
be  identified  with  the  line  of  any  known  gas ;  for  the  possibility 
of  it  being  due  to  molecules  of  CO2  carrying  a  double  charge 
of  electricity  is  precluded  by  the  fact  that  on  passing  the 
gases  through  tubes  immersed  in  liquid  air  the  line  persisted, 
whereas  the  line  at  44,  due  to  carbon  dioxide,  disappeared. 
There  seems  to  be  no  doubt  that  the  line  is  due  to  a  new  gas 
of  atomic  weight  22  contained  in  the  atmosphere  and  closely 
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associated  in  properties  with  neon ;  for  it  is  found  in  all  the 
specimens  of  neon  which  have  been  examined. 

The  method  has  resulted  also  in  the  highly  interesting  dis- 
covery of  another  element  of  atomic  weight  3  derived  from 
most  solids  when  bombarded  by  cathode  rays.  It  might  be 
supposed  that  this  gas  was  a  polymeric  modification  of  hydrogen 
with  the  formula  Hg,  but  its  properties  are  such  as  to  render 
this  supposition  unlikely;    for  it  is  exceedingly  stable,  being 


Fig.  204. 


able  to  resist  the  action  of  oxygen  and  the  action  of  prolonged 
electric  discharge. 

The  nature  of  these  positive  rays  is  very  complicated,  since 
the  particles  constituting  them  may  consist  either  of  atoms  or 
molecules  with  single  or  multiple  charges;  but  there  is  no 
doubt  that  the  phenomena  afford  a  new  and  extremely  delicate 
method  of  chemical  analysis. 

In  1896  Becquerel  ^  found  that  uranium  potassium  sulphate 
crystals  were  able  to  affect  a  photographic  plate  wrapped 
up  in  black  paper.  The  effect  was  produced  also  through 
thin   glass  or  metal,  and  both  by  uranium  metal  itself  and 

'  Compt.  rend.,  1896,  122,  188,  233,  386,  452. 
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by  all  its  compounds,  either  in  the  solid  state  or  in  solution. 
The  activity  of  a  uranium  salt  enclosed  in  a  thick  lead  box, 
and  never  exposed  to  light,  was  observed  by  Becquerel  to 
continue  undiminished  for  four  years,  and  was  not  affected 
by  variations  of  temperature  from  200°C.  to  the  temperature 
of  bquid  air.  Becquerel  also  observed  that  the  rays  from 
uranium,  which  are  known  as  the  Becquerel  rays,  have  the 
power  of  discharging  an  electroscope,  whether  positively 
or  negatively  charged.  They  are  similar  in  these  respects 
to  the  X-rays,  but  their  action  is  feeble  in  comparison  with 
that  of  the  latter,  since  it  requires  several  days'  exposure  to 
produce  a  marked  action  on  a  photographic  plate  with  the 
Becquerel  rays,  whereas  with  the  X-rays  a  photograph  can  be 
taken  with  an  exposure  of  less  than  a  minute. 

Becquerel's  discovery  was  followed  in  1898  by  the  observation, 
made  independently  by  Schmidt  ^  and  Mme.  Curie,^  that  the 
compounds  of  thorium  and  minerals  containing  this  element 
also  emit  radiations  of  a  similar  character  to  the  Becquerel  rays. 
These  discoveries  have  led  to  the  recognition  of  an  entirely 
new  class  of  substances  which  possess  the  remarkable  property 
of  radioactivity. 

Radioactive  substances  spontaneously  emit  rays  possessing 
in  varying  degrees  the  properties  of  canal,  cathode,  and  X-rays. 
The  phenomena  available  for  the  study  of  the  radiations  from 
such  substances  are : 

{a)  The  action  on  the  photographic  plate. 

(6)  The  phosphorescence  produced  in  certain  substances :  e.g., 
the  platinocyanides,  willemite  (zinc  silicate),  kunzite,  and  Sidot's 
blende  (crystalline  zinc  sulphide). 

(c)  The  ionisation  of  gases  produced  by  the  rays. 

The  last  of  these  lends  itself  most  readily  to  quantitative 
measurements,  and  is  generally  employed  for  measuring  the 
degree  of  radioactivity  possessed  by  a  substance. 

According  to  the  theory  of  the  ionisation  of  gases  of 
J.  J.  Thomson  and  Rutherford,*  this  effect  is  due  to  the  pro- 
duction of  "  ions  "  or  positively  and  negatively  charged  carriers 
in  the  gas,  the  rate  of  production  being  proportional  to  the 
intensity  of  the  radiation.  These  ions  move  with  uniform  velo- 
city through  a  uniform  electric  field,  the  positively  charged 
towards  the  negative  plate,  and  the  negatively  charged  towards 

1  Ann  Physik,  1898,  65,  141.  ^  Oompt.  rend.,  1898,  126,  1101. 

3  phU.  Mag.,  [5],  1896,  42,  392, 
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the  positive  plate,  and  their  velocity  is  further  proportional  to 
the  strength  of  the  field.  The  separated  ions  also  gradually 
recombine,  the  rate  of  recombination  being  proportional  to  the 
square  of  the  number  present.  An  ionised  gas  preserves  its 
conducting  power  for  some  time  after  its  removal  from  the 
presence  of  the  ionising  agent,  and  may  be  carried  in  a  current 
of  air  so  as  to  discharge  an  electroscope  at  some  distance  away. 

The  arrangement  for  measuring  the  rate  of  ionisation  pro- 
duced by  X-rays  or  cathode  rays  or  by  the  presence  of 
radioactive  material,  is  shown  diagrammatically  in  Fig.  205. 

The  active  material  is  placed  at  E,  on  the  lower  of  two 
insulated  plates  A  and  B,  charged  respectively  negatively  and 
positively  by  means  of  a  battery  connected  to  B  and  with  the 
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Fig.  205. 

other  pole  earthed  at  E.  The  plate  A  is  connected  to  one  pair 
of  quadrants  of  an  electrometer  E.M.  of  which  the  other  pair 
of  quadrants  is  earthed.  The  gas  between  the  plates  A 
and  B  being  ionised  at  a  constant  rate,  if  no  electric  field  be 
present,  the  number  of  ions  soon  reaches  a  maximum,  when 
the  rate  of  production  of  fresh  ions  is  exactly  compensated 
by  the  rate  of  recombination  of  the  ions  previously  formed. 
If,  however,  B  be  kept  charged  to  a  constant  potential  V,  the 
rate  at  which  the  plate  A  gains  electric  charge  may  be 
measured  by  the  quadrant  electrometer  E.M.  Positive  ions 
travel  to  the  negative  plate  A,  and  negative  ions  travel 
to  the  positive  plate  B,  and  there  is  thus  a  current  through 
the  gas  which  is  measured  by  the  rate  at  which  A  rises  in 
potential. 

When  V  is  small  the  current  is  small,  but  as  V  increases  the 
current    rapidly  rises   to  a    limit,   after  which    the    current 
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remains  constant  even  when  the  value  of  V  is  largely 
increased.  This  condition  is  not  always  attainable  in  practice, 
a  slight  increase  of  current  generally  occurring  with  increase  of 
V.  This  limiting  saturation  current  through  the  gas  thus 
measures  the  charge  carried  by  the  ions  produced  per  second 
by  the  radiation,  that  is,  it  is  a  measure  of  the  radio-activity 
of  the  substance  under  examination.  For  uranium,  and  for 
substances  not  more  than  a  thousand  times  as  active  as 
uranium,  a  difference  of  potential  of  about  300  volts  is  usually 
sufficient,  but  for  radium,  and  for  very  active   substances,  the 


Fig.  206. 

plates  are  placed  close  together,  and  a  higher  voltage  may  be 
necessary. 

Frequently,  some  form  of  gold-leaf  electroscope  is  used 
to  measure  the  saturation  current.  Such  an  electroscope 
is  shown  in  Fig.  206.  A  strip  of  gold-leaf  G  is  attached 
to  a  vertical  rod  R,  which  is  supported  by  the  horizontal 
rod  K,  resting  on  two  blocks  of  sulphur  SS,  by  which  the 
system  is  insulated.  The  rod  R  passes  through  an  opening 
in  the  metal  plate  P,  and  terminates  in  a  horizontal 
plate  B,  which  is  opposed  to  the  removable  plate  A,  on  which 
the  radio-active  material  C  is  placed.  The  whole  is  enclosed 
in  a  metal  case  and  the  motion  of  the  gold-leaf  is  observed 
through  an  opening  in  the  metal  case,  by  means  of  a  microscope 
of  low  power,  provided  with  a  micrometer  eyepiece.  M  is 
a  bent  wire  passing  through  an  insulating  plug  of  sulphur 
S  in  the  top  of  the  case  ;  by  means  of  this  wire  the  electroscope 
can  be  charged.     During  an  observation  the  metal  case  and  the 
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lower  plate  A  are  connected  to  earth,  and  the  time  taken  for 
the  gold-leaf  to  pass  over  a  fixed  part  of  the  scale  is  deter- 
mined, this  observation  being  corrected  for  the  natural  leak  of 
the  instrument,  measured  when  no  radioactive  material  is 
present.  The  measurements  are  generally;  comparative,  ura- 
nium oxide  being  frequently  employed  as  a  standard  of 
comparison.  The  instrument  described  above  is  typical  of  an 
electroscope  used  for  radioactive  measurements.  The  details 
of  construction  will  of  course  depend  upon  the  particular 
measurement  to  be  made.^ 

In  the  examination  of  radioactive  substances,  and  in  the 
search  for  new  radioactive  material,  the  electroscope  has  proved 
an  invaluable  guide.  Bunsen  showed  that  0'0000003  milligram 
of  sodium  could  be  detected  by  spectrum  analysis  ;  but  for  the 
detection  of  substances  like  radium  the  electroscope  is  many 
thousand  times  as  sensitive  as  the  method  of  spectrum  analysis, 
for  by  its  means  a  substance  having  only  the  ten-thousandth  of 
the  activity  of  uranium  can  be  detected,  whilst  the  activity  of 
radium  is  about  2,000,000  times  that  of  uranium. 

Phenomena  of  Radioactivity. 

651  The  radiations  from  radium  and  most  of  the  radioactive 
substances  are  found  to  be  complex.  The  different  kinds  of 
radiation  are  distinguished  by  their  different  behaviour  in  a 
magnetic  field  and  by  their  different  power  of  penetrating 
metal  screens,  &c.  By  these  methods  it  has  been  found  that 
radium  emits  three  different  kinds  of  rays,  which  have  been 
called  by  Rutherford  a,  ^,  and  7  rays  respectively. 

The  a  rays  are  analogous  to  canal  rays  and  are  easily  absorbed 
by  thin  metal  foil  and  by  a  short  column  of  air.  Their  deflec- 
tion in  a  magnetic  field  is  slight  compared  with  that  of 
the  /3  rays,  but  is  in  the  opposite  direction,  proving  that  they 
are  positively  charged.  The  magnitude  of  their  deflection 
shows  that  they  are  moving  with  a  velocity  approximately 
one-tenth  of  that  of  light. 

The  /3  rays  are  identical  with  the  cathode  rays  produced 
in  a  highly  exhausted  vacuum  tube :  they  are  deflected  by  a 
magnetic  field  in  such  a  direction  as  to  show  that  they  are 
carriers  of  negative  electricity.     They  are  completely  absorbed 

'  See  Makower    and    Geiger,    Practical    Measurements    in    Radioactivity 
(Longmans,  1912). 
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by  one  millimetre  of  lead.  Their  velocity  is,  however,  much 
greater  than  that  of  the  cathode  rays  in  a  vacuum  tube,  the  yS 
rays  from  radium  varying  in  velocity  between  about  10^"  and 
nearly  3  X  10^"  cm.  per  second.  The  penetrating  power  of  the 
electrons  increases  rapidly  with  the  velocity,  and  some  of  those 
expelled  from  radium  penetrate  a  thickness  of  a  millimetre  of 
lead. 

Besides  the  a  and  /3  rays,  uranium,  thorium,  and  radium  com- 
pounds emit  very  penetrating  rays  known  as  the  j  rays,  whose 
penetrating  power  is  100  times  that  of  the  /3  rays,  so  that  the 
rays  can  be  detected  after  passing  through  several  centimetres 
of  lead.  These  rays  are  not  deflected  ^  in  a  magnetic  field. 
They  can  easily  be  detected  from  a  few  milligrams  of  radium 
bromide  enclosed  in  a  lead  vessel  of  1  cm.  thickness  (which  com- 
pletely absorbs  the  a  and  j8  rays)  by  the  luminosity  they  produce 
in  a  fluorescent  screen  of  barium  platinocyanide  or  of  willemite, 
when  observed  in  a  dark  room.  The  7  rays,  which  seem  to  be 
similar  in  nature  to  X  rays,  are  usually  associated  with  /3  rays, 
and  are  probably  produced  in  some  way  from  the  /3  particles  as 
they  escape  from  the  atom.  It  has,  however,  recently  been 
shown  by  Chadwick  ^  that  7  rays  may  be  produced  in  small 
quantity  from  a  rays. 

The  different  behaviour  of  the  three  kinds  of  ray  in  a  mag- 
netic field  is  diagrammatically  illustrated  ^  in  Fig.  207. 

R  represents  the  radium  compound  placed  at  the  bottom  of  a 
small  cylindrical  lead  vessel,  standing  on  a  photographic  plate  AC. 
By  a  strong  magnetic  field  applied  at  right  angles  to  the  plane 
of  the  paper  and  directed  towards  the  paper,  the  three  types  of 
radiation  are  separated :  the  7  rays  take  a  straight  course 
without  being  affected  by  the  magnetic  field,  the  ^  rays  are 
deflected  to  the  right,  describing  circular  paths,  and  affect  the 
photographic  plate  on  the  right  of  R,  while  the  a  rays  are 
slightly  deflected  to  the  left,  but  are  quickly  absorbed  by  the 
air. 

The  phosphorescence  produced  in  a  zinc  sulphide  screen  by 
radium  is  chiefly  due  to  the  a  rays.  This  phenomenon  was 
discovered  by  Crookes,*  and  is  well  exhibited  by  his  apparatus, 
known  as  the  spinthariscope.     In  this  a  fine   metallic   point, 

1  Villard,  Compt.  rend.,  1900,  130,  1010,  1178  ;  Beoquerel,  ibid.,  1154. 

2  Phil.  Mag.,  1913,  [6],  25,  19.3. 

3  Rutherford,  Radioactive  Substances,  p.  116. 
■>  Proc.  Roy.  Soc,  1903,  A.,  71,  405. 
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which  has  been  dipped  in  a  solution  of  a  radium  salt,  is  fixed 
a  millimetre  or  two  above  a  zinc  sulphide  screen,  which  is 
examined  with  a  magnifying  glass  in  darkness.  The  surface  of 
the  screen  is  then  seen  to  be  dotted  with  flashes  of  light,  which 
follow  each  other  rapidly,  and  this  action  is  kept  up  without 
any  apparent  diminution  for  years.  It  has  been  shown  that 
nearly  every  a  particle  striking  the  screen  produces  a  flash  of 
light,  and  this  property  has  been  employed  to  count  the  number 
of  a  particles  emitted  by  a  source  of  radiation.^ 

The  velocity  of  the  a  rays  is  not  easy  to  determine  exactly. 


Fio.  207. 


because  of  the  smallness  of  the  deflection  of  the  a  particles  in  an 
electric  or  magnetic  field.  Rutherford^  has  found  it  to  be 
2-06  X  10**  cm.  per  second,  whilst  the  ratio  ejm  =  5-07  x  10^  This 
value  of  e/m  is  almost  exactly  half  that  of  the  hydrogen  ion  in 
electrolysis. 

The  velocity  of  the  a  particle  emitted  from  different  sub- 
stances varies,  and  the  foregoing  figure  applies  to  that  given  off 
by  the  substance  known  as  radium  C  (p.  1437).  On  the  other 
hand,  the  ratio  e/m  is  constant.  When  the  velocity  of  the  a 
particle  falls  below  a  certain  limit,  which  is  about  40  per  cent. 

1  Rutherford  and  Geiger,  Froc.  Roy.  Soc,  1908,  A.,  81,  141,  and  Regener, 
Verh.  deut.  physihal.  Oes.,  1908,  19,  78,  351, 

2  Fhil.  Mag.,  1906,  [6],  12,  348. 
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of  the  velocity  given  above,  the  particle  ceases  to  produce  the 
effects  characteristic  of  radioactivity,  and  passes  beyond  the 
reach  of  our  present  experimental  methods.  When  the  velocity 
of  an  a  particle  has  thus  been  reduced,  the  particle  seems  to 
be  brought  to  rest  within  a  very  short  distance,  so  that  the 
a  particle  appears  to  be  suddenly  stopped  after  traversing  a 
certain  thickness  of  matter.  The  maximum  distance  which  an 
a  particle  can  penetrate  through  air  at  normal  temperature 
and  pressure  has  been  called  by  Bragg  the  range  of  the 
a  particle.  The  ionisation  produced  by  an  a  particle  near  the 
end  of  its  range  increases  very  rapidly  and  then  suddenly 
vanishes.  The  range  of  different  a  particles  varies  from 
2'37  cm.  to  8'15  cm.  and  is  characteristic  of  the  particular 
product  from  which  the  a  particle  is  emitted.  A  relation  has 
been  obtained  by  Geiger  and  Nuttall  ^  between  the  range  and 
the  rate  of  decay  of  radioactive  products.  The  nature  of  an 
a  particle  has  been  the  subject  of  much  speculation  and  many 
considerations  point  to  its  identity  with  an  atom  of  helium. 
Now  the  value  of  e/tn  for  a  helium  atom  of  atomic  weight  4 
carrying  the  same  ionic  charge  as  a  hydrogen  ion  in  electro- 
lysis, should  be  2'5  X  10^,  and  we  have  seen  that  the  value  of 
e/m  for  an  a  particle  is  almost  exactly  twice  that  number. 
Now  it  has  been  shown  by  Rutherford  and  Geiger  ^  that  an 
a  particle  is  associated  with  twice  the  atomic  charge,  whence 
it  follows  that  the  atomic  weight  of  the  a  particle  is  4,  i.e. 
that  the  a  particle  is  a  charged  atom  of  helium.  This  has 
been  confirmed  by  direct  experiment  by  Rutherford  and  Royds 
(p.  1433). 

Associated  with  the  expulsion  of  a  particles  is  the  phe- 
nomenon of  radioactive  recoil.  When  an  a  particle  of  mass  m 
is  emitted  by  an  atom  of  mass  M  the  residual  atom,  the  mass 
of  which  must  be  M—m,  will  be  projected  in  a  direction 
opposite  to  that  in  which  the  a  particle  is  travelling  with  a 
velocity  V  given  by  the  equation  (M-m)V=mv,  where  v  is 
the  velocity  of  the  a  particle.  Now  since  the  velocity  of  an 
a  particle  is  about  2  x  10"  cm./sec,  and  since  its  atomic  weight  is 
4  and  that  of  a  radioactive  atom  about  200,  it  follows,  from  the 
above  equation,  that  the  velocity  with  which  the  residual  atom 
must  recoil  must  be  4  X  10^  cm.  per  second.  This  atom  which 
constitutes  the  next  product  (p.  1424)  in  the  disintegration 
series  to  the  product  from  which  the  a  particle  is  emitted,  will 

1  Phil.  Mag.,  1911,  22,  613,  =  Proc.  Roy.  8oc.,  1908,  A,  81,  162. 
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travel  a  considerable  distance  if  free  to  move  through  a  vacuum, 
as  has  been  shown  by  Russ  and  Makower.^  The  recoiling  atom 
is  positively  charged  and  can  be  deflected  in  electric  and 
magnetic  fields  and  this  property  can  be  used,  as  in  the  case  of 
a  rays,  to  determine  the  velocity  of  projection  and  the  value 
of  e/m  for  the  recoiling  atoms.  The  employment  of  this 
method  promises  to  afford  a  means  of  determining  the  atomic 
weights  of  several  radioactive  substances.  When  projected 
into  air  at  atmospheric  pressure,  a  recoil  stream  does  not 
penetrate  more  than  about  a  tenth  of  a  millimetre;  but  the 
recoiling  atoms  after  being  stopped  still  retain  their  positive 
charges  and  can  thus  be  collected  on  the  negative  electrode  in 
an  electric  field.  By  this  process  many  radioactive  products 
have  been  separated.^  Although  an  atom  when  it  recoils 
possesses  only  -^-^  the  energy  of  the  a  particle  it  is  able  to  produce 
ionisation  in  gases,  as  has  been  shown  by  Wertenstein.® 

When  the  /3  particles  are  expelled  and  carry  with  them  nega- 
tive electricity  they  must  leave  the  radium  positively  charged. 
This  is  clearly  shown  by  the  contrivance  called  the  Badium 
clock.*  This  consists  of  a  small  tube  contSlining  some 
radium  compound,  which  is  attached  at  its  upper  end  by 
an  insulating  rod  of  quartz  to  the  top  of  a  wider  tube  within 
which  it  hangs.  At  the  lower  end  of  the  small  tube  two  thin 
gold  leaves  are  attached,  the  outer  surface  of  the  tube  having 
been  coated  with  phosphoric  acid  to  render  it  conducting.  The 
larger  tube  is  coated  on  the  inside  with  tinfoil,  connected  to 
earth,  and  is  exhausted  as  completely  as  possible  to  reduce  the 
loss  of  charge  consequent  on  ionisation  of  its  gaseous  contents. 
With  30  mgrs.  of  pure  radium  bromide  the  leaves  are  observed 
to  diverge,  until  they  touch  a  piece  of  metal  connected  to  earth, 
when  they  collapse,  and  then  gradually  diverge  again,  this 
periodic  movement  of  the  leaves  occupying  about  a  minute. 
The  effect  is  due  to  the  stoppage  of  the  a  particles  with  their 
positive  charge  by  the  thin  glass  of  the  inner  tube,  which,  how- 
ever, allows  the  j3  particles  to  pass  through.  The  rhythmic 
motion  continues  with  regularity  for  years,  and  it  .is  estimated 
that  it  would  take  more  than  a  thousand  years  for  the  emission 
of /3  particles  to  fall  to  half  its  present  rate,  when  the  movement 
of  the  gold  leaves  would  take  place  in  two  minutes  instead  of  one. 

1  Proc.  Roy.  Soc,  1909,  A.,  82,  205. 

■■'  Hahn,  Verh.  dent,  physihal.  Oes.,  1909,  11,  55. 

'  Le  Radium,  1912,  9,  6.  «  Strutt,  Phil,  May.,  1903,  [6],  6,  588. 
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Fig.  208. — a  rays  from  radium.  Some  of  the  a  particles  have 
traversed  the  air  before  the  expansion,  others  after  the 
expansion. 

The  emission  of  ^  rays  from  radioactive  atoms  is  far  more 
complicated  than  the  emission  of  a  rays;  for  although,  as  in 
the  case  of  a  rays,  it  seems  possible  that  only  one  /3  particle  is 
emitted  for  each  atom  disintegrating/  the 
particles  are  emitted  with  very  different 
velocities.  By  subjecting  the  radiation  to  a 
magnetic  field  the  rays  can  be  separated 
into  definite  groups  known  as  a  magnetic 
spectrum.  It  has  been  shown  that  in  the 
case  of  radium  and  its  disintegration  pro- 
ducts, there  are  a  great  number  of  groups 
of  rays.^  It  seems  probable  that  the  /3 
particles  from  any  particular  product  are  all 
projected  with  the  same  initial  velocity,  but 
that  they  are  retarded  to  different  extents 
while  escaping  from  the  atom.^ 

The  phenomena  involved  in  the  passage 
of  a,  /3,  and  7  rays  through  air  have  been 
very  strikingly  demonstrated  by  C.  T.  R. 
Wilson.*  When  an  a  or  y8  particle  passes 
through  air,  very  intense  ionisation 
produced  in  the  track  of  the  particle. 


IS 

If 


1  Moseley,  Proc.  Roy.  Soc,  1912^  A.,  87,  2.30. 

2  Danysz,  Le  Radium,  1913,  10,  5. 

»  Rutherford,  Phil.  Mag.,  1912,  [6],  24,  453. 

*  Proc.  Roy.  Soc,  A.,  1912,  87,  2/7. 


Fig.  209. — A  complete 
a  ray  from  radium 
emanation. 
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the  air  is  saturated  with  water  vapour,  and  if,  by  sudden 
expansion,  the  air  is  cooled  immediately  after  the  passage  of 
the  particle,  a  cloud  is  formed  along  its  track.  By  a  suitable 
timing  device,  an  instantaneous  photograph  is  obtained  of  the 
cloud,  which  thus  renders  visible  the  track  of  the  particle.  In 
the  case  of  the  a  particle  the  track  is  almost  straight,  showing 
only  an  occasional  and  sudden  deflection  or  "  scattering  "  from 
its  course.  At  the  end  of  its  range,  the  scattering  of  the 
a  particle  is  more  marked  (Fig.  208).  The  photographs  exhibit 
also    the  ionisation    produced    by  the  resxdual  atom  recoiling 


Pig.  210. — /3  rays  produced  by  j  radiation. 

from  the  a  particle  (Fig.  209).  In  the  case  of  the  /S  particle,  the 
path  is  much  more  tortuous,  showing  the  greater  part  played  by 
scattering  in  the  case  of  these  particles  (Fig.  210).  With  X  rays 
the  photographs  are  much  more  complicated  and  consist  of  in- 
numerable ramifications  along  the  path  of  the  rays.  The 
photographs  are  such  as  to  indicate  that  the  ionisation  is  not 
produced  by  the  X  rays  themselves,  but  by  secondary  /8  rays 
produced  in  their  path — a  suggestion  first  put  forward  by 
Bragg  (Fig.  211).i 

A  remarkable  property  of  the  compounds  of  radium,  first 

1  Phil.  Mag.,  1910,  20,  385;  Proc.  Roy.  Soc,  1911,  A.,  85,  349. 
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observed  by  Curie  and  Laborde/  is  that  of  maintaining  them- 
selves constantly  at  a  higher  temperature  than  the  surrounding 
atmosphere,  the  difference  observed  being  from  3°  to  5°. 
The  continuous  emission  of  heat  which  this  shows  was 
found  by  Curie  and  Dewar  to  be  unaffected  at  the  tempera- 
ture of  liquid  air  or  liquid  hydrogen.  They  found  that  0'7 
grm.  of  pure  radium  bromide,  surrounded  by  liquid  hydrogen, 
caused  the  volatilisation  of  73  c.c. 
of  hydrogen  per  minute.  From 
data  thus  obtained  it  appears 
that  one  gram  of  radium  emits 
as  much  energy  as  would  decom- 
pose one  gram  of  water  eyery 
day,  or,  otherwise  expressed,  it 
appears  that  one  pound  of  radium 
emits  energy  at  the  rate  of 
10,000  horse-power. 

It  does  not  appear  probable 
that  radium  derives  its  enormous 
store  of  energy  from  external 
sources.  The  more  probable  sup- 
position is  that  the  a  particles 
are  originally  in  rapid  motion  in 
the  atom  and  that  an  a  particle 
when  released  from  the  atomic 
system  flies  off  with  the  velocity 
it  had  in  the  atom. 

The  view  that  the  energy 
emitted  by  radioactive  bodies  is 
derived  from  a  store  in  the 
atoms  is  supported  by  the  fact 
that  the  energy  is  given  off  at  a 
rate  which  is  quite  unaffected 
bv   variations    in    physical    and 

chemical  conditions  such  as  temperature  pressure,  or  mode  f 
combination  of  the  element;  for  it  is  difficult  to  account  for 
these  facts  on  any  other  supposition.  understood  ■ 

The  physical  nature  of  the  a  rays  is  now  well  understood 
buf our  Wedge  of  the /Sand,  radiations  is  still  imperfect 
and  is  constantly  being  added  to  or  modified. 


Fig.  211. — lonisation  by  X  ray 
beam  about  5  mm.  in  dia- 
meter. 


Compt.  rend.,  1903,  136,  673. 
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The  Products  of  Radioactive  Change. 

652  A  most  remarkable  property  possessed  by  radium, 
actinium,  and  thorium,  but  not  by  uranium,  is  the  power  of 
giving  off  continuously  a  radioactive  gas  which  can  be  con- 
densed by  extreme  cold.  The  radioactivity  of  thorium  was 
observed  to  vary  capriciously,  and  this  inconstancy  was  traced  by 
Owens  ^  to  currents  of  air  which  removed  the  gas.  Rutherford  ^ 
gave  the  name  of  emanation  to  this  remarkable  gas,  which  dis- 
charges an  electroscope,  affects  a  photographic  plate,  diffuses 
through  porous  substances,  and  can  be  washed  through  water 
without  loss  of  activity;  it  is  condensed  at  the  temperature  of 
liquid  air,^  but  not  at  that  of  solid  carbon  dioxide.  It  thus 
behaves  differently  from  the  ionised  gas  produced  by  X  rays, 
since  the  conductivity  of  such  ionised  gas  is  completely  removed 
by  passing  through  cotton  wool,  or  by  bubbling  through  water. 
The  emanation  from  thorium  rapidly  loses  its  activity  with 
time,  falling  to  half  value  in  about  one  minute.*  Dorn^ 
showed  that  radium  compounds  also  give  off  an  active  emanation, 
the  amount  obtained  being  much  increased  by  heating  the 
compound  or  by  dissolving  it  in  water. 

These  discoveries  have  led  to  the  recognition  of  a  hitherto 
unsuspected  phenomenon,  the  spontaneous  disintegration  of  the 
atoms  of  an  element  in  a  series  of  stages,  each  stage  being 
marked  by  the  emission  of  certain  definite  particles  and 
the  production  of  a  substance  of  lower  atomic  weight, 
characterised  by  definite  physical  and  chemical  properties. 
According  to  this  theory  of  the  spontaneous  disintegration  of 
matter,  put  forward  by  Rutherford  and  Soddy,  in  each  second  a 
small  proportion  of  the  atoms  of  a  radioactive  material  becomes 
unstable ;  these  atoms  break  up  with  explosive  violence,  the  change 
being  accompanied  by  the  expulsion  of  an  a  or  a  ;Q  particle.  The 
atom  is  probably  a  complex  aggregate  of  known  or  unknown 
forms  of  matter,  which  breaks  up  spontaneously  with  an 
evolution  of  energy  enormous  compared  with  that  released  in 
ordinary  chemical  action.     These  aggregates  behave  like  atoms, 

1  Phil.  Mag.,  1899  [5],  48,  .360.  '^  Phil.  Mag.,  1900  [5],  49,  1. 

"  Rutherford  and  Soddy,  Phil.  Mag.,  1903,  [6],  5,  561. 

'  le  Rossignol  and  Gimingham  (Phil.  Mag.,  1904,  [6],  8,  107)  found  that  the 
activity  fell  to  half  value  in  fifty-one  seconds  ;  Bronson  (Amer.  J.  Sci.,  1905, 
19,  185)  found  fifty-four  seconds. 

°  Naturforsch.  Ges.  Halle,  (1900). 
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and  cannot  be  split  up  by  ordinary  chemical  or  physical 
agencies. 

The  rate  of  change  of  any  single  product  at  any  time  is 
found  to  be  proportional  to  the  number  of  atoms  present  at 
that  time,  so  that  the  change  follows  the  same  law  as  a  mono- 
molecular  chemical  reaction.  Hence  if  iV^  represents  the 
number  of  atoms  of  a  radioactive  substance  present  at  any  time, 
and  N  the  number  present  after  the  lapse  of  time  t,  then : 

where  \  is  known  as  the  disintegration  constant  of  the  substance, 
and  e  is  the  base  of  the  natural  logarithms.  By  differentiating 
this  equation  it  can  easily  be  seen  that : 

dt 

from  which  it  follows  that  X  represents  the  fraction  of  the  total 

number  of  atoms   undergoing  disintegration   at   any  instant. 

The  rate  of  disintegration  of  a  substance  is  expressed  by  the 

constant  X ;  but  it  is  more  usual  to  define  the  rate  of  decay  by 

the   time  T  taken  for  half  the  number  of  atoms  present  to 

disintegrate.     The  value  of  T  i    obviously  connected  with  that 

of  X  by  the  relation, 

„      1,      „      0-693 
T=  -log.2  =^^. 

The  quantity  T  is  known  as  the  half  value  period  of  the 
substance. 

When  an  active  product  is  removed  from  a  radioactive  sub- 
stance, e.g.  the  emanation  from  a  thorium  compound,  the 
activity  of  the  isolated  product  gradually  falls,  according  to  the 
foregoing  law,  whilst  that  of  the  parent  substance  rises,  also 
according  to  that  law,  owing  to  the  accumulation  of  a  fresh 
quantity  of  the  active  product.  After  the  expiration  of  any 
period  it  is  found  that  the  isolated  product  has  lost  a  certain 
fraction  of  its  original  activity  whilst  the  parent  substance  has 
regained  the  same  fraction  of  the  activity  which  it  had  lost. 

The  determination  of  the  exact  series  of  changes  undergone 
by  a  radioactive  substance  is  a  matter  of  considerable  difficulty, 
and  the  solution  of  the  problem  is  due  to  the  brilliant  researches 
of  Rutherford  and  his  colleagues.  For  this  purpose  it  is 
necessary  to  measure  separately  the  radioactivity  due  to  the 
a  the  8  and  the  7  rays,  and  to  construct  curves  showing  the 
>  r"  4  Y 
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variation  of  each  of  these  with  time.  The  differentiation  of 
the  action  of  the  three  types  of  ray  is  effected  by  taking 
advantage  of  their  different  penetrating  powers,  sheets  of  metal 
of  sufficient  thickness  to  absorb  the  a  rays,  or  both  the  a  and  ^ 
rays,  being  interposed  between  the  material  and  the  electro- 
scope. The  ;8  and  7  rays  are  also  often  separated  by  deflecting 
the  /3  rays  by  a  magnetic  field. 

From  a  comparison  of  the  curves  thus  produced  the 
number  of  changes  which  occur,  the  nature  of  the  radiation,  and 
the  rate  of  the  change  can  be  deduced.  The  matter  is  much 
simplified  when  the  products  can  be  separated  either  physically 
or  chemically  from  the  parent  substance  and  subjected  to 
examination,  as  is  the  case  with  the  emanation  of  radium,  &c. 
In  a  few  cases  it  is  necessary  to  assume  that  changes  occur 
unaccompanied  by  any  measurable  radiation,  and  these  are 
described  as  rayless,  although  it  is  probable  that  rays  which 
escape  our  methods  of  measurement  are  in  reality  emitted. 

In  most  cases  of  radioactive  changes,  the  products  are 
formed  from  each  other  in  a  direct  series  of  transformations. 
Thus  any  particular  type  of  radioactive  matter  breaks  up  at  a 
perfectly  definite  rate  always  giving  rise  to  the  same  substance 
— the  next  member  in  the  radioactive  series.  Some  very 
interesting  cases  have,  however,  recently  come  to  light  in 
which  it  appears  that  certain  types  of  atom  can  break  up 
in  two  different  ways,  thus  giving  rise  to  two  distinct  products. 
This  has  been  found  to  be  the  case  with  radium  C  ^  (p.  1437) 
and  thorium  C  ^  (p.  1441).  Thus  radium  C  usually  disintegrates 
with  the  production  of  radium  D,  but  occasionally  an  atom  of 
radium  C  gives  rise  to  a  new  product,  radium  Cj,  instead  of 
radium  D.^  In  the  case  of  thorium  C  the  proportion  of  atoms 
giving  rise  to  a  branch  product  is  much  greater;  for  one- third 
of  the  atoms  of  thorium  C  break  up  with  the  emission  of 
a  rays  and  produce  thorium  D,  whereas  two-thirds  emit  ^  rays 
and  give  rise  to  the  product  thorium  Cg.* 

Recently  great  interest  has  centred  in  the  question  of  the 
position  of  the  radioactive  elements  in  Mendeleeff's  periodic 
system.  It  has  been  pointed  out  by  Fajans  ^  that  when  a 
transformation  takes  place  with  the  emission  of  a  ^8  particle 

'  Hahn  and  Meitner,  Physilcal.  Ztit.,  1909,  10,  697. 

^  Hahn  and  Meitner,  Vtrh.  deut.  physikal.  Get.,  1909,  11,  55. 

*  Fajans,  Physikal.  Zeit.,  1911,  12,  369. 

''  Marsden  and  Darwin,  Proc.  Hoy.  Soi-.,  1012,  A.,  87,  IT. 

'  Physikal.  Zeit.,  191.3,  14,  131. 
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the  resulting  product  is  more  electronegative  than  the  parent 
substance.  Exactly  the  reverse  is  the  case  when  a  transforma- 
tion takes  place  with  the  emission  of  an  a  particle.  It  has 
been  shown  by  Soddy  i  that  during  an  a  ray  transformation  the 
atom  passes  from  a  family  of  even  number  in  the  periodic 
table  to  the  next  lower  even  family,  the  families  of  the  odd 
numbers  being  always  missed.  This  rule  has  been  generalised 
and  extended  to  the  case  of  /3  ray  transformations  by  Russell,^ 
and  by  Fajans,^  who  has  shown  that  in  all  cases  in  which  the 
chemical  nature  of  the  radioactive  products  is  sufficiently 
well  known  to  test  its  correctness,  the  following  rule  holds : 
In  an  a  ray  transformation  the  product  generated  falls  into  a 
group  two  places  lower  than  that  to  which  the  parent  sub- 
stances belongs.  On  the  other  hand,  in  a  /3  ray  transformation 
the  product  generated  falls  into  a  group  one  place  higher  than 
that  of  the  parent  substance.  These  laws  are  exemplified  in 
the  table  (p.  1429).  It  will  be  seen  that  it  is  necessary  to 
assume  the  existence  of  a  few  undiscovered  products;  but 
there  is  independent  evidence  which  makes  their  existence 
probable.  Further,  it  will  be  seen  that  a  single  space  in  the 
periodic  table  is  in  each  case  occupied  by  several  different 
products  which  are  chemically  more  alike  than  any  pair  of 
non-radioactive  elements,  for  they  are  inseparable  by  any 
chemical  process  and  can  be  distinguished  only  by  their  radio- 
active properties.  Thus  for  instance  Actinium  X,  Thorium  X, 
Radium,  and  Mesothorium  are  inseparable  by  any  chemical 
process. 


RADIUM.      Ra  =  226-4. 

653  The  mineral  pitchblende — an  impure  oxide  of  uranium 
(p.  1105) — is  the  richest  source  of  radioactive  substances. 
Whilst  investigating  this  material  Mme.  Curie  found  that  some 
specimens  of  pitchblende  had  four  times  tlie  activity  of  the 
metal  uranium,  and  by  chemical  methods  M.  and  Mme.  Curie 
succeeded  in  separating  two  new  substances,  characterised  by 
intense  radioactivity,  which  they  named  polonium  and  radium. 

The  history  of  Mme.  Curie's  successful  search  for  radioactive 

1  "  Chemistry  of  the  Radio-Elements,"  p.  30. 

2  Ohem.  News,  1913,  107,  49. 

3  Ber     1913,  46,  422,  and  Physilcal.  Zeit,  1913,  14,  136. 
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substance  in  the  residues  of  the  pitchblende  of  Joachimsthal  is 
of  great  interest.^ 

For  the  extraction  of  uranium  the  crushed  ore  is  roasted  with 
sodium  carbonate,  and  washed  with  warm  water  and  dilute 
sulphuric  acid ;  the  solution  contains  the  uranium,  and  the 
insoluble  residues  are  rejected.  The  Austrian  Government 
presented  Mme.  Curie  with  a  ton  of  these  residues,  the  activity 
of  which  was  found  to  be  about  four  and  a  half  times  that  of 
uranium.  The  residues  consist  chiefly  of  the  sulphates  of  lead, 
barium,  and  calcium,  silica,  alumina,  and  oxide  of  iron,  and  con- 
tain also  small  amounts  of  copper,  bismuth,  zinc,  cobalt,  man- 
ganese, nickel,  vanadium,  antimony,  thallium,  the  rare  earths, 
columbium,  tantalum,  arsenic,  &c.  The  search  for  the  radioactive 
substances  which  cause  the  high  activity  of  pitchblende  was 
made  in  the  early  stages  by  the  ordinary  methods  of  chemical 
analysis.  The  residues  were  first  treated  with  boiling  soda,  and 
the  sodium  sulphate  formed  removed  by  washing,  together  with 
lead,  strontium,  and  aluminium.  The  insoluble  portion  was 
attacked  by  hydrochloric  acid,  which  dissolves  most  of  it.  The 
residue  from  this  operation  was  found  to  contain  a  radioactive 
substance  which  received  the  name  radium.  The  solution  also 
was  found  to  contain  radioactive  substances,  one  of  which  is 
precipitated  by  sulphuretted  hydrogen  together  with  bismuth, 
and  received  the  name  polonium.  A  second,  discovered  by 
Debierne,^  and  named  actinium,  is  contained  in  the  hydroxide 
precipitated  by  ammonia  in  the  filtrate  from  the  precipitated 
sulphides. 

654  Purification  and  Prof  erties  of  Radium  Salts. — The  radium 
is  extracted  from  the  insoluble  portion  mentioned  above  by 
boiling  with  a  strong  solution  of  sodium  carbonate,  which 
transforms  the  barium  and  radium  into  carbonates.  These  are 
washed  and  dissolved  in  hydrochloric  acid,  and  sulphuric  acid 
is  added,  which  precipitates  the  sulphates  of  barium  and  radium, 
with  calcium,  lead,  iron,  and  a  trace  of  actinium. 

One  ton  of  the  Joachimsthal  residues  yielded  from  10  to 
20  kilos,  of  the  crude  sulphates,  of  an  activity  about  60 
times  that  of  uranium.  The  crude  sulphate  is  next  trans- 
formed into  chloride,  treated  with  sulphuretted  hydrogen, 
the  filtrate   oxidised    with    chlorine,    and    precipitated    with 

1  See  translation  of  thesis  presented  to  the  Faculty  dea  Soienoes  of  Paris, 
Ohtm.  News,  1903,  88,  85. 

2  Compt.  rend.,  1899,  129,  593  ;  1900,  130,  906  ;  1903,  136,  446,  767. 
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ammonia.  The  filtrate  is  then  precipitated  with  sodium  car- 
bonate, and  the  carbonates  converted  into  chlorides,  and 
washed  with  pure  strong  hydrochloric  acid,  which  dissolves 
calcium  sulphate  and  leaves  the  chlorides  of  barium  and 
radium. 

These  chlorides  are  then  separated  by  repeated  fractional 
crystallisation  from  water.  When  only  a  small  quantity  of 
crystals  is  allowed  to  separate,  it  is  found  that  five  times  as 
much  radium  separates  with  the  crystals  as  is  left  in  solution. 
By  repeating  this  process  a  great  number  of  times  a  fraction 
of  a  gram  of  radium  chloride  was  obtained  of  an  activity  a 
million  times  that  of  uranium. 

Giesel  ^  employs  the  bromides  instead  of  chlorides  in  the 
fractional  separation  of  radium  and  barium :  the  radium 
separates  with  the  least  soluble  portion,  and  about  eight 
fractionations  effect  the  removal  of  most  of  the  barium. 

The  compounds  of  radium  resemble  those  of  barium  in 
properties.  The  crystals  of  the  chlorides  are  isomorphous  with 
those  of  barium  chloride ;  when  pure  they  are  colourless, 
but  those  containing  both  barium  and  radium  become  coloured 
yellow,  orange,  or  pink.  The  solution  in  water  evolves  hydrogen 
and  oxygen  continuously.  The  nitrate,  carbonate,  sulphate, 
hromide,  and  platinocyanide  resemble  the  corresponding  salts  of 
barium  very  closely.  When  freshly  prepared  the  anhydrous 
bromide  exhibits  a  splendid  blue  phosphorescence,  which 
gradually  disappears,  but  is  more  permanent  in  the  presence  of 
barium  salts. 

Radium  has  been  prepared  in  the  metallic  state  by  Curie  and 
Debierne.2 

655  Spectrum  of  Badium. — Radium  is  found  to  have  its  own 
characteristic  spectrum  and  this  affords  one  of  the  strongest 
proofs  of  its  elementary  character.  Radium  bromide  colours 
the  Bunsen  flame  a  pure  carmine-red,  and  the  flame  shows  four 
bands  or  lines  in  the  red  and  a  strong  line  in  the  blue. 

The  spectrum^  of  radium  has  been  investigated  by  Demarcay,* 
Runge,**  Exner  and  Haschek,"  Runge  and  Precht,'  and  Crookes.* 

1  Ann.  Phys.  Ohem.,  1899,  [2],  69,  91 ;  Ber.,  1902,  35,  3608. 

2  Oompt.  rend.,  1910,  151,  523;  Le  Badium,  1910,  7,  309. 
^  See  Watts,  Index  of  Spectra,  Appendix  0,  p.  40. 

^  Compt.  rend.,  1898,  127,  1218. 

5  Ann.  Physil;  1903,  12,  407.  «   Wien.  Ber.,  1901,  July  4. 

''  Ann.  Physik,  1904,  14,  418. 

8  Proc.  Boy.  Soc,  1904,  72,  295. 
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The  most  intense  lines  in  the  spark  spectrum  are  4683,  4436, 
4341,  3814,  3650,  2814,  and  27'09. 

656  Atomic  Weight  of  Radium. — The  atomic  weight  was 
determined  by  estimating  the  percentage  of  chlorine  in  the 
anhydrous  chloride.  As  only  about  one  decigram  of  substance 
was  available,  Mme.  Curie  ^  made  preliminary  determinations  of 
the  atomic  weight  of  barium  with  about  the  same  weight  of 
pure  barium  chloride,  and  found  that  good  results  could  be 
obtaiaed.  With  barium  chloride  of  an  activity  600  times  that 
of  uranium  the  number  137  was  obtained,  with  that  of  7,500,  the 
result  was  143"8,  and  with  chloride  of  increasing  activity  the 
atomic  weight  increased  giving  about  225  with  a  specimen 
which  only  showed  very  faint  traces  of  the  brightest  barium 
lines  in  the  spectroscope.  This  sample  was  repurified,  and 
gave  the  following  results  : 


Radium  chloride  taken. 

Silver  chloride  obtained. 

Atomic  weight  (H  =  l) 

009192 

0-08890 

225-7 

008936 

0-08627 

226-2 

0-08839 

0-08589 

224-5 

The  activity  of  this  chloride  was  about  two  million  times 
that  of  uranium.  A  later  determination  made  by  Mme.  Curie 
in  1907  gave  the  value  226-4,^  and  Thorpe  ^  found  the  value 
226-7.  Eamsay  and  Gray*  give  the  value  226-45.  A 
determination  with  a  large  quantity  of  radium,  which  there- 
fore probably  gives  the  most  reliable  result,  has  been  made 
by  Honigschmid,^  who  finds  the  atomic  weight  to  be  225-95. 
This  number  is  in  harmony  with  the  chemical  behaviour  of 
radium,  which  then  finds   its  place  in  the  periodic   table  m 

Group  II,  Series  12.  .    ,        .       • 

Runge  and  Precht"  have  made  calculations  of  the  atomic 
weight  of  radium  from  the  spectrum,  and  have  deduced 
the  value  256-3.  This  assumes  that  radium  really  belongs  to 
the  group  of  alkaline  earths,  and  is  based  upon  the  observation 
that  radium,  like  Mg,  Ca,  Sr,  and  Ba,  has  in  its  spectrum  pairs 
of  lines,  repeated  several  times,  with  a  constant  difference 
of  oscillation  frequency,  and  that  the  distance  apart  of  these 

1  Compt.  rend.,  1899,  129,  760;  1900,  131,  382;  1902,  135,  161. 

2  Compt.  rend.,  1907,  145,  422. 

3  Thorpe,  Proc.  Boy.  Soc,  1908,  A,  80,  298. 

4  Proc.  Roy.  Soc,  1912,  A,  86,  270. 

.  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1911,  Ha,  120,  1617. 
6  Phil.  Mag.,  1903,  [6],  5,  476. 
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pairs  for  the  different  elements,  increases  in  a  regular  manner 
with  the  atomic  weight  (see  p.  157). 

It  must  be  remembered  that  this  calculation  amounts  to  an 
extrapolation  passing  over  the  unknown  element  below  barium 
in  the  periodic  table  (Series  10),  so  that  we  are  extrapolating 
for  a  considerable  distance.  It  has  been  pointed  out  ^  that  the 
result  of  the  calculation  is  probably  too  high,  for  the  reason  that 
a  similar  calculation  of  the  atomic  weight  of  mercury  from  those 
of  zinc  and  cadmium  gives  the  atomic  weight  too  high  by  about 
22  units :  it  seems  probable  that  this  method  has  a  tendency  to 
give  results  too  high  for  the  higher  atomic  weights.  A  similar 
criticism  has  been  made  by  Rudorf  ^  Furthermore  in  the  case  of 
radium  the  atomic  weight  obtained  by  the  spectroscopic  method 
disagrees  with  strong  evidence  derived  from  a  consideration  of 
the  disintegration  theory  (p.  1424) ;  for  there  is  reason  to  believe 
that  radium  is  formed  from  uranium  with  the  emission  of  three 
a  particles.  Taking  the  atomic  weight  of  uranium  as 
238'5  the  atomic  weight  of  radium  should  be  226"5,  a 
value  which  agrees  with  the  values  found  by  the  chemical 
method. 

The  question  of  establishing  a  standard  quantity  of  radium 
was  discussed  at  the  International  Congress  of  Radiology 
(Brussels,  1910).  As  a  result  21-99  milligrams  of  the  radium 
chloride  used  by  Mme.  Curie  in  the  determination  of  the 
atomic  weight  of  radium  have  been  sealed  in  a  small  glass  tube 
and  deposited  at  Paris  in  the  Bureau  International  des  Poids 
et  Mesures.  A  similar  reserve  standard  has  been  deposited  in 
Vienna.  With  the  aid  of  these  standards  the  quantity  of 
radium  in  any  sample  can  be  estimated  by  comparing  the 
7  radiation  it  emits  with  that  emitted  by  the  standard. 

Products  formed  from  Radium  by  Radioactive  Change. 

657  Production  of  Helium  hy  the  Spontaneotos  Change  of 
Radium.— In  1903  Ramsay  and  Soddy^  made  the  remarkable 
discovery  that  helium  is  given  off  by  radium.  They  found  that 
30  milligrams  of  pure  radium  bromide  (which  had  been  pre- 
pared three  months)  when  dissolved  in  water  liberated  gases 
amongst  which  were  hydrogen  and  oxygen.  These  were  removed 

'  Watts,  Phil.  Mag.,  1903,  [6],  6,  64. 
^  Zeit.  physihxl.  Chem.,  1904,  50,  100. 
3  Pror.  Roy.  Soc,  1903,  72,  206;  1904,  73,  346. 
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by  passing  the  gas  over  a  red-hot  spiral  of  partially  oxidised 
copper  wire,  and  then  over  phosphoric  anhydride  into  a 
vacuum  tube  joined  on  to  a  small  U-tube. 

By  placing  the  U-tube  in  liquid  air  most  of  the  emanation 
present  was  condensed.  The  spectrum  of  the  gas  left  in  the 
vacuum  tube,  including  the  carbon  dioxide  present  in  the  original 
gas,  was  then  observed  and  showed  the  characteristic  helium  line 
Dg.  In  a  repetition  of  the  experiment  the  helium  lines  at  6677, 
5876,  5016,  4922,4713  and  4472  were  observed,  as  well  as  three 
unknown  lines  at  6180,  5695,  and  5455.  They  also  found  that 
the  emanation  alone  yielded  helium  in  about  three  days. 

These  observations  have  been  repeated  and  confirmed  by 
Dewar  and  Curie  ^  and  by  Himstedt  and  Meyer.^  The  latter 
observers  sealed  up  30  milligrams  of  radium  bromide  in 
an  exhausted  vacuum  tube.  The  tube  showed  the  lines  of 
hydrogen  and  an  oxide  of  carbon  at  first,  but  after  four  months 
the  helium  lines  appeared. 

Before  the  discovery  of  the  production  of  helium  in  radio- 
active processes  it  was  suggested  by  Rutherford  and  Soddy^ 
that  this  gas  might  be  a  disintegration  product  of  the  radio- 
elements.  This  has  since  been  proved  by  Rutherford  and 
Royds  *  by  sealing  up  some  radium  emanations  in  a  glass  tube, 
the  thickness  of  the  walls  of  which  was  only  O'Ol  millimetre. 
The  a  particles  which  passed  through  the  walls  of  this  tube 
were  collected  in  a  vessel  which  surrounded  it ;  after  some  days 
the  spectrum  of  helium  could  be  detected  in  the  outer  vessel, 
proving  that  the  a  rays  consisted  of  charged  atoms  of  helium. 

The  rate  of  production  of  helium  from  radium  has  been 
measured  by  Dewar,^  and  by  Boltwood  and  Rutherford.^  For 
one  gram  of  radium  (metallic)  in  equilibrium  with  the  emana- 
tion, radium  A,  and  radium  C,  the  latter  find  that  156  cubic 
millimetres  of  helium  are  produced  per  year.  Dewar  found  the 
value  169  cubic  millimetres  per  year,  which  must,  however,  be 
slightly  corrected  to  be  comparable  with  the  number  found  by 
Boltwood  and  Rutherford  on  account  of  the  difference  in  the 
values  of  the  radium  standards  used  in  the  two  sets  of  experi- 
ments   When  thus  corrected  the  value  found  by  Dewar  becomes 

^  Compt.  rend.,  1904,  138,  190.  ^  Ann.  Phy.ik,  1904,  15,  184. 

3  Phil.  Mag.,  1902,  4,  569 ;  1903,  5,  576. 
J  PAH.  Mag.,  1909,  17,  281. 

5  Proc.  Roy.  Soc,  1908,  A.,  81,  280;  1910,  83,  404. 

6  Phil.  Mag.,  1911,  22,  586. 
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164  cubic  millimetres.  The  volume  of  helium  to  be  expected 
from  theoretical  considerations  is  158  cubic  millimetres  per 
gram  of  radium  per  year. 

658  Badmm  Emanation,  —  The  emanation  is  continuously 
produced  from  radium  compounds  and  is  itself  strongly- 
radioactive.  A  portion  of  it  escapes,  but  the  remainder 
is  occluded  in  the  compound,  adding  its  radiation  to  that  of 
the  radium  compound.  To  this  is  due  the  phenomenon, 
observed  by  Curie,  that  the  activity  and  emission  of  heat  of 
radium  compounds  vary  with  their  age,  the  activity  increasing 
for  about  a  month  after  preparation,  when  it  becomes  steady. 
This  state  of  radioactive  equilibrium  is  reached  when  the  rate 
of  production  of  fresh  emanation  balances  the  rate  of  change  of 
that  already  formed. 

The  emanation  is  formed  from  radium  by  the  expulsion 
of  an  a  particle  and  itself  passes  into  the  next  lower  product 
by  a  similar  change.  The  period  of  half  transformation 
for  radium  is  about  2,000  years,  and  for  the  emanation  3'85 
days.  By  collecting  and  measuring  the  emanation  from  0'06 
gram  of  radium  bromide,  Ramsay  and  Soddy  conclude  that 
the  maximum  amount  of  emanation  to  be  obtained  from  one 
gram  of  radium  is  one  cubic  millimetre.  This  quantity  is 
known  as  one  c^irie.  Later  determinations  by  Rutherford,^ 
Debierne,^  and  Gray  and  Ramsay^  give  the  volume  of  one 
curie  of  emanation  as  0'6  cubic  millimetre. 

The  emanation  is  most  readily  obtained  by  dissolving  the 
radium  compound  in  water  and  removing  the  gases  produced. 
This  is  best  done  by  causing  the  solution  to  boil  under  reduced 
pressure.  If  air  be  passed  through  a  radium  solution  large  quanti- 
ties of  a  mixture  of  air  with  the  emanation  may  be  obtained, 
and  this  may  be  stored  in  a  gas-holder,  and  the  electrical  and 
photographic  action  examined  for  days  after  its  production. 
The  emanation  can  also  be  removed  by  heating  the  salt.  When 
mixed  with  a  large  volume  of  air  it  condenses  at  — 154° ;  but  it 
must  be  remembered  that  in  these  circumstances  the  partial 
pressure  of  the  emanation  is  exceedingly  minute.  When  purified 
and  at  atmospheric  pressure  the  emanation  boils  at  —65°.* 
When  at  very  low  partial  pressures,  the  condensation  point  of 
the  emanation  seems  to  depend  upon  the  nature  of  the  surface 

1  Phil.  Mag.,  1908,  16,  300.  ^  Compt.  rend.,  1909,  148,  1264. 

3  Journ.  Chem.  Soc,  1909,  95,  1073. 
«  Rutherford,  Phil.  Mag.,  1909,  17,  723. 
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upon  which  it  condenses.^  If  the  emanation  obtained  from  a 
few  milligrams  of  radium  bromide  by  heating  a  solution  be 
condensed  in  a  small  U-tube  surrounded  by  liquid  air,  the 
U-tube  being  connected  with  a  larger  tube  containing  a  small 
phosphorescent  screen  of  zinc  sulphide,  and  the  whole  apparatus 
connected  with  an  air-pump,  the  behaviour  of  the  emanation 
can  be  watched  by  means  of  the  phosphorescence  of  the  screen. 
The  apparatus  being  partially  exhausted,  and  the  U-tube 
immersed  in  liquid  air,  no  luminosity  of  the  screen  is  observed, 
but  if  the  liquid  air  be  removed,  in  a  few  minutes  the  emana- 
tion diffuses  into  the  wider  tube,  and  the  screen  becomes 
brightly  phosphorescent.  If  the  U-tube  be  re-immersed  in 
liquid  air  the  emanation  re-condenses,  but  the  phosphorescence 
of  the  screen  dies  away  only  slowly,  being  maintained  for  some 
time  by  the  production  of  an  active  deposit  on  the  glass. 

In  another  experiment  a  quantity  of  the  emanation  was 
collected  in  a  small  glass  tube,  which  was  seen  to  phosphoresce 
brightly  under  the  rays  from  the  emanation,  and  in  a  dark 
room  the  passage  of  the  emanation  from  point  to  point  of  the 
tube  could  be  traced.  On  opening  the  tap  which  connected 
the  tube  with  the  pump  the  slow  flow  of  the  emanation  through 
the  capillary  portion  of  the  tube  and  its  more  rapid  passage 
through  the  wider  portions  was  well  seen. 

The  emanation  obeys  Boyle's  law.  Attempts  to  determine 
its  density  by  measuring  its  rate  of  diffusion  show  that  it  is  a 
heavy  gas,  of  a  density  about  100 ;  the  method  of  diffusion  is, 
however,  for  a  variety  of  reasons  unsuitable  for  determining  the 
atomic  weight  of  the  emanation.  From  a  consideration  of  the 
disintegration  theory  of  radioactive  changes,  the  atomic  weight 
of  radium  emanation  should  be  222-4.  Assuming  the 
emanation  to  be  monatomic.  Gray  and  Ramsay  ^  find  the 
value  223,  by  a  direct  determination  of  its  density  with  a 
specially  constructed  sensitive  balance.  The  emanation  belongs 
to  the  helium-argon  group  of  gases,  and  like  them  resists 
attack  by  all  chemical  agents  that  have  been  tried.  It  is  not 
affected  when  led  in  tubes  over  platinum  black,  copper  oxide, 
zinc  dust,  &c.,  at  a  high  temperature,  and  is  unaffected  by  pro- 
longed sparking  with  oxygen  over  caustic  potash. 

The    spectrum   of    the    emanation  was   first    examined   by 

1  Laborde,  Le  Radium,  1909,  6,  289;  1910,  7,  294;  Boyle,  PhU.  Mag., 
1910,  20,  955. 
*  Proc.  Roy.  Soc,  1911,  A,  84,  536. 
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Ramsay  and  Collie/  and  later  by  Rutherford  and  Royds,^ 
Cameron  and  Ramsay,"  Watson/  and  Royds.^  The  brightest 
lines  are  those  of  wave-lengths :  46811,  4644-7,  4460-0,  4350-3, 
4308-3,  4203-7,  4166-6,  4018-0,  3982-0,  3758-6,  3664-6. 

Rutherford  and  Barnes*  have  made  experiments  on  the 
heat  emission  by  radium  bromide  and  by  the  emanation 
obtained  from  it.  The  heat  emission  per  gram  of  radium 
bromide  was  found  to  be  65  gram-calories  per  hour  (which 
corresponds  to  110  gram-calories  per  hour  per  gram  of 
radium  itself).  The  emanation  was  then  driven  off,  and 
condensed  by  means  of  liquid  air.  After  removal  of 
the  emanation  the  heat  emission  of  the  radium  bromide 
fell  off  in  three  hours  to  about  one  quarter  (27%),  and  then 
slowly  increased,  reaching  its  original  rate  in  about  a  month. 
The  heat  emission  from  the  separated  emanation  rose  to  a 
maximum  in  three  hours,  and  then  slowly  decayed,  falling  to 
half  value  in  about  3-7  days.  The  rate  of  decay  of  the  emana- 
tion and  the  rate  of  recovery  of  the  radium  compound  are  both 
expressed  by  the  exponential  formula : 

where  Q  is  the  heat  emission  at  first,  and  Qj  that  after  a  time  t, 
X  being  the  constant  of  change.  The  radioactivity  itself  also 
follows  a  similar  law,  but  the  variation  in  the  heat  emission 
both  of  radium  itself  and  of  the  emanation  correspond  approxi- 
mately to  the  activity  as  measured  by  the  a  rays  and  not  to 
that  of  the  /8  or  -y  rays.  The  heat  emission  of  radium  is  thus 
seen  to  correspond  approximately  with  the  expulsion  of 
a  particles. 

The  most  recent  and  accurate  determinations  of  the  heating 
effect  of  radium  are  by  Meyer  and  Hess,'  and  by  Rutherford  and 
Robinson.^  The  former  give,  for  the  heat  emitted  by  one  gram 
of  radium  in  equilibrium  with  its  disintegration  products,  the 
value  132-3  and  the  latter  the  value  135  gram-calories  per 
hour.  Rutherford  and  Robinson  have  also  determined  the  heat 
emitted  by  each  of  the  disintegration  products  separately, 
and  also  estimate  that  the  /3  rays  contribute  3-5  per  cent., 
and   the   7  rays  5  2  per  cent,  of  the  total   heating   effect   of 

1  Proc.  Roy.  Soc,  1904,  73,  470.  2  Phil.  Mag.,  1908,  16,  313. 

3  Proc.  Roy.  Soc,  1908,  A,  81,  210.  *  Proc.  Roy.  Soc,  A,  1909,  83,  50. 

=  Phil.  Mag.,  1909,  17,  202.  «  Phil.  Mag.,  1904,  [6],  7,  202. 

'  Wien.  Ber.,  1912,  121,  603.  »  Phil.  Mag.,  1913,  25,  312. 
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radium.  The  observed  heat  emission  is  in  good  agreement 
with  the  calculated  kinetic  energy  of  the  radiations.  The  heat 
emitted  by  radium  and  its  products  of  disintegration  is  shown 
in  the  following  table. 


Radium 

Emanation      .... 
Radium  A              .    . 
Radium  B  \ 
Radium  C  J  •    '    '    ' 

Heating  effect  in  gram  calorics  per  hour,  corresponding 
to  one  gram  o£  radium. 

a  rays. 

/3  rays. 

y  rays. 

Total. 

251 
28-6 
30-5 

39-4 

4-7 

6-4 

25  1 
28-6 
30-5 

50-5 

Totals        .    .    . 

123-6 

4-7. 

6-4     . 

134-7 

When  the  emanation  is  left  in  contact  with  water,  the  latter 
is  decomposed,  a  mixture  of  hydrogen  and  oxygen  containing  an 
excess  of  hydrogen  being  evolved.  About  0-03  cmm.  of  emana- 
tion yielded  2 — 4  c.c.  of  gas  in  different  experiments,  containing 
3 — 14  per  cent,  of  hydrogen  in  excess.  The  origin  of  this 
excess  is  not  at  present  understood,^  but  it  is  probably  in  some 
way  connected  with  the  formation  of  ozone.  The  emanation  is 
also  capable  of  bringing  about  the  slow  combination  of  gaseous 
hydrogen  and  oxygen. 

As  already  mentioned,  the  emanation  on  preservation  yields 
helium,  the  volume  of  the  latter  being  about  3-5  times  as  great 
as  that  of  the  emanation.^ 

659  Badium  A,  B,  G,  D,  and  E.  —  The  radium  emanation 
induces  radioactivity  on  the  glass  in  which  it  is  contained ;  on 
removing  the  emanation  the  excited  activity  at  once  commences 
to  decay.  This  excited  activity  is  due  to  the  deposit  on  the 
surface  of  bodies  of  active  matter,  which  can  be  removed  by 
solution  in  acid,  and  recovered  on  evaporation  of  the  solvent. 
It  has  the  property  of  concentrating  itself  on  a  negatively 
charged  wire.  Such  a  wire  placed  in  the  presence  of  the 
radium  emanation  becomes  strongly  active,  and  if  drawn  across 
a  screen  of  zinc  sulphide,  some  of  the  active  matter  is  rubbed 
off,  leaving  a  luminous  trail. 

1  See  Ramsay,  Joum.  Chem.  Soc,  1907,  91,  931. 

«  Cameron  and  Ramsay,  Jotim.  Ohem.  Soc,  1907,  91>  1266. 
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It  has  been  ascertained  that  the  deposited  active  matter 
from  the  radium  emanation  breaks  up  rapidly  in  successive  and 
well-marked  stages,  yielding  three  ephemeral  substances  which 
have  been  named  radium  A,  radium  B,  and  radium  C ;  the 
first  of  these  emits  a  rays  only,  the  last  emits  rays  of  all  three 
kinds,  and  radium  B  emits  /3  and  7  rays.  The  emanation  is 
half  transformed  in  3'85  days :  radium  A  is  half  transformed  in 
three  minutes,  radium  B  takes  26 '7  minutes,  and  radium  C 
19'5  minutes  for  half  transformation  into  a  comparatively 
permanent  product  radium  D.  This  requires  I60  years  for 
half  transformation  into  radium  E,  half  of  which  is  transformed 
in  5  days  into  radium  F.  The  complex  nature  of  radium  C  has 
already  been  discussed  (p.  1426). 

660  Radium  F,  Polonium,  Radio-tellurium.  —  During  the 
investigation  of .  the  pitchblende  residues  from  which  radium 
was  isolated,  Mme.  Curie  obtained  a  second  radioactive  element 
to  which  the  name  of  polonium  was  given.  This  substance  was 
found  by  Mme.  Curie  to  separate  out  with  bismuth.  She 
employed  three  methods  of  separation  : 

(a)  Sublimation    of    the    sulphides   in    vacuo :    the    active 

sulphide  is  the  most  volatile. 
(J)  Precipitation  of  the  nitrate  by  water  :  the  precipitate  is 

the  most  active, 
(c)  Precipitation  of  a  strongly  acid  solution  of  the  chlorides 

by    sulphuretted   hydrogen :    the   precipitate   is   the 

most  active. 

Marckwald  ^  obtained  a  radioactive  substance  with  tellurium 
as  an  impurity,  which  he  called  radiotellurium.  It  is  un- 
doubtedly the  same  as  polonium.  Marckwald  finds  that  if  a 
plate  of  bismuth  be  immersed  in  a  solution  containing  polonium 
the  active  matter  is  deposited  on  the  plate,  and  the  solution 
remains  inactive.  The  active  matter  is  also  precipitated  by 
treating  the  solution  with  stannous  chloride.  From  fifteen 
tons  of  pitchblende  Marckwald  obtained  sixteen  grams  of 
mixed  selenium,  tellurium,  and  polonium,  from  which,  by 
treatment  of  the  oxides  with  ammonia,  an  insoluble  residue 
weighing  three  milligrams  and  containing  all  the  active  matter 
was  obtained. 

The  radiation  is  extremely  active,  consisting  entirely  of  a 
rays.     One-hundredth  of  a  milligram  produces  intense   phos- 

1  Ber.,  1902,  35,  2285,  4239;  1903,  36,  2662. 
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phoreseence  in  a  screen  of  zinc  sulphide.  The  period  of  half 
transformation  is  186  days,  and  in  this  respect  and  in  the 
nature  of  its  radiation  polonium  agrees  exactly  with  radium  F, 
with  which  it  is  doubtless  to  be  identified. 

Marckwald  ^  considers  that  radio-tellurium  or  polonium  will 
prove  to  be  the  missing  element  of  the  sulphur-selenium- 
tellurmm  family,  whilst  Mme.  Curie  considers  that  it  is  more 
closely  related  to  bismuth. 

The  atomic  weight  of  polonium  is  probably  about  210. 
Smce  it  has  been  identified  with  radium  F.and  in  the  changes 
from  radium  into  radium  F  four  a  particles  are  expelled,  its 
atomic  weight  ought  to  be  less  than  that  of  radium  by  fifteen 
or  sixteen  units  if  the  a  particle  be  helium.  The  unknown 
radium  G  may  then  very  probably  prove  to  be  lead. 

The  properties  of  the  various  transformation  products  of 
radium  are  summarised  in  tabular  form  on  p.  1444. 

The  lead  salts  separated  from  pitchblende  are  also  radioactive, 
but  it  has  been  shown  that  they  owe  their  activity  to  the 
presence  of  the  transformation  products  of  radium  known  as 
radium  D,  E,  and  F. 

Recently  a  new  method  of  separating  polonium  from  lead 
and  radium  D  by  dialysis  has  been  devised  by  Paneth,"  who 
finds  that  polonium  in  solution  behaves  like  a  colloid  and 
cannot  diffuse  through  a  membrane  made  of  bladder  or 
parchment.  Making  use  of  this  property  it  is  possible  to 
separate  polonium  from  lead  salts  and  other  impurities. 


ACTINIUM. 

66i  Actinium,  discovered  by  Debierne,^  is,  no  doubt,  the 
same  substance  as  that  described  by  Giesel  *  under  the  name  of 
emanium.  It  was  discovered  in  the  precipitate  of  rare  earths 
separated  from  pitchblende,  the  bulk  of  which  consisted  of 
thoria,  and  was  finally  obtained  mixed  with  lanthana.  It  gives 
a  characteristic  emanation,  and  imparts  activity  to  neighbouring 
objects. 

Debierne  has  shown  that  actinium,  like  radium,  gives  rise 

1  Ber.,  1905,  38,  591.  '■'  Monatsh.,  191.3,  34,  401. 

»  Comr^l.  rend.,  1899,  129,  593;  1900,  130,  206;  1903,  136,  446,  767. 
*  Ber.,   1902,  35,  3608  ;  1903,  36,  .342  ;  1904,  37,  1696,  3963. 
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to  helium  proportionate  in  quantity  to  the  activity  of  the 
preparation. 

The  present  state  of  knowledge  regarding  actinium  is 
summarised  in  the  table  on  p.  1444. 

Boltwood  ^  has  shown  that  the  amount  of  actinium  present  in 
uranium  minerals  is  approximately  proportional  to  the  uranium 
content  of  the  mineral.  This  fact  suggests  a  genetic  connection 
between  actinium  and  uranium.  But  actinium  appears  not 
to  be  in  the  direct  series  of  disintegration  of  uranium,  and 
Kutherford  has  suggested  that  it  forms  the  starting  point  of  a 
branch  series.  The  connection  between  uranium  and  actinium 
is,  however,  not  yet  fully  understood. 


THORIUM. 

662  As  already  mentioned,  the  radioactivity  of  thorium  was 
discovered  by  Schmidt  and  by  Mme.  Curie,  and  the  existence  of 
an  emanation  by  Rutherford  (p.  1424). 

Rutherford  and  Soddy,^  by  adding  ammonia  to  a  solution  of 
a  thorium  salt,  so  as  to  precipitate  the  thorium  as  hydroxide, 
found  that  the  filtrate  contained  a  substance  many  times  more 
active  than  the  thorium  itself  This  active  constituent  they 
named  thorium  X  :  in  a  month's  time  it  had  completely  lost  its 
activity,  while  the  thorium  had  completely  recovered  its  original 
activity.  The  decay  of  activity  of  the  thorium  X,  and  the 
recovery  of  the  activity  of  the  thorium,  are  found  to  be  repre- 
sented by  exactly  similar  curves ;  the  time  required  for  decay 
to  half  value,  or  for  the  recovery  of  half  the  lost  activity,  being 
in  each  case  3"7  days. 

Thorium  X  appears  not  to  be  formed  directly  from  thorium, 
but  through  three  intermediate  products,  mesothorium  1, 
mesothorium  2,  and  radiothorium.^  Radiothorium  cannot  be 
separated  from  thorium  by  any  known  chemical  process,  nor 
can  mesothorium  1  be  separated  from  thorium  X  ;  but  the  first 
two  substances  can  be  separated  from  the  second  two  by  adding 
excess  of  ammonia  to  a  solution  of  thorium  nitrate.  The 
further  changes  undergone  by  this  substance  are  summarised 
on  p.  1444. 

^  Amer.  J.  Scl,  1908,  25,  269. 
'  Phil.  Mag.,  1906,  [6],  4,  370,  569. 

»  Hahn,  Proc.  Roy.  Soc,  1905,  A,  76,  115  ;  Ber.,  1907,  40,  1462;  Physikal. 
Zeit.,  1907,  8,  277 ;  ibid.,  1908,  9,  246. 
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Thorium,  radium,  and  actinium  exhibit  many  points  of 
similarity ;  each  gives  an  emanation  whose  life  is  short ;  these 
emanations  have  no  definite  combining  properties,  but  belong, 
probably,  to  the  helium-argon  group  of  inert  gases ;  in  each 
case  the  emanation  gives  rise  to  a  non-volatile  substance 
(thorium  A,  radium  A,  actinium  A)  which  deposits  on  the 
surface  of  bodies,  and  is  concentrated  on  the  negative  electrode 
in  an  electric  field.  The  emanations  and  the  subsequent 
disintegration  products  show  very  striking  analogies  both  with 
regard  to  the  radiations  emitted  by  each  product  and  other 
properties.     This  can  be  seen  from  the  table  given  on  p.  1444. 


URANIUM. 

663  The  discovery  of  the  radioactivity  of  uranium  by  H. 
Becquerel  in  1896  was,  as  already  mentioned  (p.  1407),  the 
starting  point  of  the  series  of  brilliant  investigations  by  which 
the  science  of  radioactivity  has  been  established.  There  is 
strong  evidence  derived  from  the  radioactive  properties  of 
uranium  that  this  body  really  consists  of  two  distinct  elements 
which,  however,  are  so  similar  to  each  other  as  to  be  inseparable 
by  chemical  methods.  The  evidence  rests  on  the  fact,  first 
noticed  by  Boltwood  and  subsequently  confirmed  by  Geiger 
and  Rutherford,!  that  an  atom  of  uranium  appears  to  give  out 
two  a  particles  during  the  disintegration  instead  of  one,  as  is 
the  case  with  most  radioactive  atoms  emitting  a  rays.  This 
fact  can  only  be  explained  either  by  supposing  uranium  to  con- 
sist of  two  successive  disintegration  products,  or  by  assuming 
that  an  atom  of  uranium  gives  out  two  a  particles  simultane- 
ously The  latter  hypothesis  has  been  disproved  by  Marsden 
and  Barratt,^and  Geiger  and  NuttalH  have  shown  that  the  a 
particles  are  not  homogeneous.  The  two  types  of  uranium  are 
known  as  uranium  1  and  uranium  2,  the  period  of  transform- 
ation of  one  of  which  is  5  X  19^  years.. 

Von  Hevesy*  has  shown  that  the  valencies  of  the  radio- 
elements  can  be  found  by  observations  on  their  rates  ot 
diffusion  and  mobilities  in  solution.     It  is  shown  that  at  any 


.  Phil.  Mag. ,  1910,  20,  691.-  '^  Pjoc   Phys.  Soc    1911   23,  367. 

'  Phil.  Mag.,  1912,  23,  4.39.  '  PM-  Mag.,  1913,  25,  390. 
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rate  in  many  cases  the  expulsion  of  an  a  particle  by  a  parent 
substance  gives  rise  to  a  change  of  valency  of  two  units  in  the 
resulting  product ;  but  there  is  as  yet  insufficient  evidence  to 
say  whether  or  not  this  rule  is  without  exception.  It  has  been 
shown  by  von  Hevesy  and  von  Putnoky  ^  that  uranium  1  and 
uranium  2  cannot  be  separated  by  diffusion,  and  that  uranium 
2,  if  it  exists,  is  not  only  very  similar  to  uranium  ] ,  but  has  also 
the  same  valency  as  that  element.  Uranium  2  passes  into 
uranium  X,  which  can  be  chemically  separated  from  uranium 
in  several  ways.  Thus  Crookes  showed  ^  that  by  a  single 
chemical  operation,  viz.,  by  precipitating  a  uranium  salt  with 
ammonium  carbonate  in  excess,  the  whole  of  the  photo- 
graphic activity  was  concentrated  in  the  precipitate,  and  the 
uranium  left  in  solution  was  photographically  inactive.  The 
precipitate  containing  UrX  was,  photographically,  many  hun- 
dred times  as  active  as  the  uranium  from  which  it  had  been 
separated.  Becquerel  ^  found  that  on  adding  barium  chloride 
to  a  solution  of  uranium  salt  and  precipitating  as  barium  sul- 
phate, the  precipitate  was  strongly  active,  photographically,  and 
the  uranium  had  lost  its  activity.  A  year  later  it  was  found 
that  the  barium  had  become  inactive,  whilst  the  uranium  had 
completely  regained  its  activity. 

The  uranium  deprived  of  uranium  X,  although  photo- 
graphically inactive,  is  electrically  active,  this  being  due  to  the 
fact  that  the  a  particle  which  it  emits  is  incapable  of  producing 
much  photographic  action.  Uranium  X  can  also  be  separated 
from  uranium  salts  by  boiling  with  lampblack,  which 
retains  this  product.*  Uranium  X  emits  only  ^  and  7  rays  and 
passes  into  ionium,  possibly  through  an  unknown  product, 
uranium  X^,  the  period  of  half  transformation  being  22 
days. 

664  Relation  of  Uranium  and  Radium. — The  further  history 
of  the  transformation  of  uranium  is  interesting,  for  many  facts 
point  to  the  conclusion  that  radium  is  one  of  its  transformation 
products.  This  was  first  surmised  from  the  fact  that  the 
radioactivity  of  the  uranium  minerals  is  proportional  to  the 
quantity  of  uranium  present  ^  (in  the  absence  of  thorium). 
The   ratio   of  uranium  to  radium  in  such   minerals  is  almost 

^  Phil.  Mag.,  1913,  25,  415.  ^  p,.„^   ^^^   ^^^^  jgQO^  gg_  ^qq 

■•  Compt.  rend.,  1900,  131,  1,37  ;  1901,  133,  977. 
*  Becquerel,  Compt.  rend.,  1905,  141,  485.- 
=  McCoy,  Btr.,  1904,  37,  2641. 
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constant,'-  and  these  facts  are  most  rea<iily  explained  by  the 
supposition    that    the    radium    is   actually    formed   from   the 
uranium.     The  production  of  radium  from  uranium  has  been 
measured  by  Soddy,^  and   by  Boltwood,'  who  carefully  freed 
uranium  from  radium  and  measured  by  the  emanation  test 
the  amount  of  radium  present  after  the  lapse  of  a  year  or  two. 
It  was  found  that  the  rate  of  production  of  radium  was  far  less 
than  was  to  be  expected  if  radinra  were  formed  directly  from 
uranium.     This  seemed  to  indicate  the  existence  of  an  inter- 
mediate product  of  slow  rate  of  decay.     This  product  has  since 
been  separated  from  carnotite  by  Boltwood,*  who  gave  it  the 
name  ionium.     This  element  is  the  direct  predecessor  of  radium 
in  the  disintegration  series.     From  measurements  on  the  rate 
of  growth  of  radium  from  uranium  Soddy  ^  suggests  that  the 
half-value  period  of  ionium  is  of  the  order  100,000  years.    This 
value  is  confirmed  by  Geiger  and  Nuttall,  who,  having  deter- 
mined the  range  of  the  a  particle  from  polonium,  deduced  its 
half-value  period  from  their  rule  (p.  1419).    It  is,  however,  note- 
worthy that  Exner  and  Haschek,^  and,  independently,  Russell 
and  Rossi  ^  failed  to  detect  spectroscopically  the  presence  of 
ionium  in  pitchblende  residues,  which  must  have  contained 
about  10  per  cent,  of  ionium  if  the  period  of  transformation 
given  above  is  correct,  and  if  there  is  no  other  product  between 
UrX    and    polonium.     The    experiments    therefore    seem    to 
indicate  the  existence  of  a  product  of  long  life  between  UrX 

and  ionium. 

It  is  further  supposed,  as  already  mentioned,  that  lead  may 
be  one  of  the  ultimate  products  of  the  transformation  of 
radium,  but  the  evidence  on  this  point  cannot  be  regarded 

as  conclusive. 

665  The  following  tables  summarise  our  present  knowledge 
of  the  active  products  of  disintegration  of  the  radio-elements. 
The  column  headed  half-valne  period  gives  the  time  of  falling 
to  half  activity,  or  the  time  required  for  half  the  substance  to  be 
transformed  into  the  next  product. 

1  Strutt,  Proc.  Roy.   Soc,  1905,  76,   A,  88,  312  ;  Boltwood,  Phil.  Mag., 

^'Amer.  J.  Scl,  1906,  22,  537  ;  1907,  24,  370  ;  1908,  25,  365. 

6  Phil   Mag.,  1909,  18,  858. 

<=  Sitzungsber.  K.  Akad.  Wiss.  Wien,  1912,  n«,  121,  10-5. 

7  Proc.  Boy.  Soc,  1912,  A,  87,  478. 
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Uranium  Radium  Series. 


Uranium  1 
Uranium  Xj .    .    . 
Uranium  A'j  (?) 
Uranium  2     .    . 
Uranium  Y*  (?) 
Ionium  .    , 

Radium 

Radium  emanation  .    . 
Radium  A 
Radium  B 
Radium  Cj 
Radium  Cj* 
Radium  Z> 
Radium  E .    .    . 
Radium  F  (Polonium) 


Product. 


Thorium     .    . 
Mesothorium  ] 
Mesotliorium  2 
Radio-tliorium 
Thorium  X    . 
Thorium  emanation 
Thorium  A 
Thorium  B 
Tliorium  Cj   . 
Thorium  C^* 
Thorium  D 


Thorium  Series. 


Half-value 
Period. 


Bays 
emitted. 


1  -3  X  10"  years 

5  '5  years 

6  '2  hours 

2  years  . 
3 '7  days  . 
53  seconds. 
0  14  second 
106  hours. 
60  minutes 
very  short . 
3-1  minutes 


j-ayless 
0,  y 


|8 
a 

0,y 


Actinium  Series. 


Half- value 
Period. 

Rays 
emitted. 

Group  in 
Periodic  Table 
to  which  Pro- 
duct belongs. 

5  X  lO"  years  . 
24-6  days 

a 
0,7 

IVA 

2  X  10"  years  . 

a 

YIA 

1  '5  days 

0 
a 

IVA 

2  X  10^  years  . 

«,  & 

llA 

3-85  days 
3'0  minutes 

a 
a 

0 

26'7  minutes 

0,7 

— 

19 '5  minutes 

a,  0,  7 

— 

1  '4  minutes 

0 

16 '5  years  . 

5  days         .    .    . 

136  days    .    .    . 

0 

0,7 
a 

IVB 
YB 
VIS 

Group  in 
Periodic  Table 
to  which  Pro- 
duct belongs. 


IV^ 

11^ 
III^ 

IV^ 

11^ 

0 


UK 


Product.                                      Half-value 
Period. 

Ruys 
emitted. 

Group  in 
Periodic  Table 
to  which.  Pro- 
duct belongs. 

Actinium  .        .    . 
Radio-actinium  1     .    . 
Radio-actinium  2 

Actinium  X 

Actinium  emanation 

Actinium  A 

Actinium  B 

Actinium  C              ... 

Actinium  D 

19-5  days  . 

11-6  days 

3-9  seconds    .    . 

0-002  second  . 

36-3  minutes 
2  15  minutes 
4-71  minutes  . 

rayless 

u,0 
a 
a 

0 

a 
0,7 

UIA 

IXA 
0 

Illfi 

Products  marljed  witli  an  asterisli  are  branch  products. 
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666  The  discovery  that  the  atoms  of  certain  elements  under- 
go continuous  spontaneous  disintegration  with  formation  of 
substances  of  lower  atomic  weight  necessitates  a  profound 
modification  of  the  conception  of  the  chemical  atom  which  has 
hitherto  been  accepted.  The  corpuscular  theory  of  matter 
(p.  39)  has  paved  the  way  for  such  a  modification  by  regarding 
the  atom  as  containing  a  number  of  electrons,  although  recent 
work  indicates  that  the  number  of  these  present  in  an  atom  is 
much  smaller  than  was  at  first  thought  and  is  of  the  order  of 
the  number  expressing  the  mass  of  the  atom  in  multiples  of 
that  of  hydrogen. '^ 

The  atom  must  now  be  regarded  as  an  aggregate  of  simpler 
forms  of  matter,  possessing  enormous  potential  energy.  This 
aggregate  may,  under  conditions  which  we  are  not  yet  able 
to  control,  break  down  into  simpler  forms,  a  large  amount  of 
energy  being  evolved  in  the  change.  Hence  the  idea  of  the  un- 
alterability  of  the  atom  postulated  by  Dalton  must  be  modified, 
and  the  atom  must  be  regarded  as*  a  complex,  but  of  a  higher 
order  than  the  chemical  compounds  formed  by  the  union  of 
atoms  with  each  other.  It  is  impossible  at  present  to  establish 
a  more  precise  characterisation  of  this  higher  order  of  complex 
substances  than  is  expressed  in  the  statement  that  the  de- 
composition of  the  atom  is  beyond  our  control  and  that  the 
energy  changes  are  of  a  higher  order  of  magnitude  than  is  the 
case  with  ordinary  compounds. 

These  discoveries,  however,  whilst  opening  out  new  views  as 
to  the  constitution  of  matter,  are  in  no  degree  inconsistent  with 
the  well-established  facts  of  chemical  combination  or  with  the 
application  to  them  of  Dalton's  atomic  theory. 

1  J.  J.  Thomson,  Phil.  3fag.,  1906,  [6],  11,  769. 


INDEX 


INDEX 


Aljsorption  spectra,  163 

Acid  bronze,  718 

Acid-forming  oxides,  10-1 

Acid  salts,  108 

Acids  and  alkalis,  91 

Acids,  bases,  and  salts,  OU 

Acids,  nature  of,  98 

-Actinium,  1428,  1439 

Aich's  metal,  651 

Aikinite,  999 

Alabanite,  1124,  1149 

Albite,  711 

Alerabroth,  691 

Algaroth,  powder  of,  982 

Algodonite,  439 

Alkali  manufacture,  280 

Alkali  metals,  225 

Alkali  waste,  287,  297,  301 

Alkaline  earth  metals,  529 

Alkalis,  225 

Alkalis  and  acids,  91 

AUemontite,  964,  993 

Alloys,  74,  76  ;  conductivity  of,  86  ; 
constitution  of,  82  ;  microscopical 
study  of,  SI  ;  solubility  of,  87  ; 
thermal  classification  of,  77 

Almandine,  711 

Alstonite,  602,  613 

Alum,  710 

Aluman,  718 

Alum-cake,  730 

Alumina,  718 

Aluminates,  724 

Aluminite,  730 

Aluminium,  710;  alloys  of,  71 
annual  output  of,  713  ;  atomic 
weight  of,  750 ;  compounds  of,  718 
detection  of,  749  ;  electrolj'tio  pro 
duction  of,  712  ;  estimation  of,  750 
preparation  of,  711  ;  properties  of 
714  ;  uses  uf,  716 

Aluminium  amalgam,  718 


Aluminium  bromide,  727 

Aluminium  bronze,  717 

Aluminium  carbide,  738 

Aluminium  chloride,  726;  vapour 
density  of,  33 

Aluminium  chlorosulphate,  730 

Aluminium  fluoride,  725 

Aluminium  group,  709 

Aluminium  hydroxides,  720 

Aluminium  iodide,  728 

Aluminium  nitrate,  737 

Aluminium  nitride,  737 

Aluminium  oxide,  718 

Aluminium  peroxide,  724 

Aluminium  phosphates,  738 

Aluminium  phosphj^les,  738 

Aluminium  silicates,  739 

Aluminium  sulphate,  729 

Aluminium  sulphide,  728 

Alum-stone,  731 

Alums,  730 

Alunite,  731 

Amalgams,  88,  678 

Ammiolite,  977 

Ammonal,  717 

Ammonia  alum,  736 

Ammonia-soda  process,  304 

Ammoniacal  derivatives  of  cobalt, 
1288  ;  of  copper,  442  ;  of  iridium, 
1369  ;  of  palladium,  1346  ;  of  plati- 
num, 1398  ;  of  rhodium,  1334  ;  of 
ruthenium,  1326 

Ammoniacal  liquor,  380 

Ammonium  amalgam,  377 

Ammonium  antimonate,  980 

Ammonium  aurichloride,  516 

Ammonium  aurocyanide,  524 

Ammonium  azoimide,  389 

Ammonium  bromide,  383 

Ammonium  carbonates,  391 

Ammonium  chlorate,  383 

Ammonium  chloride,  380 

Ammonium  chromate,  1031 

Ammonium  chromic  sulphate,  1045 
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Ammonium  compounds,  ;)7ti 
Ammonium  cyanate,  394 
Ammonium  cyanide,  393 
Ammonium  dichromate,  1031 
Ammonium  terricyanide,  1258 
Ammonium  ferrocyanide,  1255 
Ammonium  flu'oride,  379 
Ammonium  hydrosnlphide,  384 
Ammonium  iodide,  219,  383 
Ammonium  iridichloride,  1366 
Ammonium  iridiobromide,  1366 
Ammonium  molybdates,  1068 
Ammonium  nitrate,  390 
Ammonium  nitrite,  389 
Ammonium  osmichloride,  1355 
Ammonium  osmochloride,  1354 
Ammonium  palladichloride,  1343 
Ammonium  palladiochloride,  1343 
Ammonium  perchlorate,  383 
Ammonium  permanganate,  1144 
Ammonium  peroxide,  379 
Ammonium  persulphate,  389 
Ammonium  phosphates,  390 
Ammonium  phosphomolybdate,  1071 
Ammonium  platinichloride,  1394 
Ammonium  platinochloride,  1391 
Ammonium  plumbichloride,  893 
Ammonium  polysulphides,  385 
Ammonium  rhodoehloride,  1333 
Ammonium  selenate,  389 
Ammonium  stannichloride,  864 
Ammonium  sulphate,  218,  385 
Ammonium  sulphide,  384 
Ammonium  thioantimonate,  991 
Ammonium  thioeyanate,  394 
Ammonium  thioraplybdate,  1079 
Ammonium  thiovanadate,  936 
Ammonium  titanofluoride,  814 
Ammonium  tritantalate,  959 
Ammonium  tungstates,  1090 
Ammonium  uranate,  1110 
Ammonium  vanacUte,  929 
Ammonium  vanadium  alum,  938 
Amphoteric  hydroxides,  106 
Analysis,  crystallochemical,  204 
Anatase,  806,  809 
Andradite,  711 
Anglesite,  873,  896 
Anhydrite,  530,  552 
Annabergite,  1298 
Anomalies  of  periodic  system,  69 
Antifriction  metal,  971 
Antlmonates,  978 
Antimonial  copper,  964 
Antimonial  nickel,  964 
Antimonial  saffron,  991 
Antimonial  silver,  964 
Antimonio  acids,  977 
Antimonious  acid,  975 
Antimonite,  962 

Antimony,  962 ;  alloys  of,  970 ;  atomic 
weight  of,  998  ;  detection  of,  994  ; 
estimation  of,  996  ;  medicinal  uses 
of,    993 ;     modifications    of,    968 ; 


preparation  of,  964  ;  properties  of, 
967  ;  uses  of,  969 

Antimony  arsenide,  993 

Antimony  blende,  991 

Antimony  uhlorosulphides,  992 

Antimony  cinnabar,  988 

Antimony  hydride,  971 

Antimony  iodosulphides,  992 

Antimony  ochre,  964 

Antimony  oxides,  973 

Antimony  oxysulphide,  991 

Antimony  pentachloride,  983 

Antimony  pentafluoride,  980 

Antimony  pentasulphide,  989 

Antimony  pentiodide,  985 

Antimony  pentoxide,  977 

Antimony  phosphide,  993 

Antimony  poisoning,  994 

Antimony  selenides,  992 

Antimony  sulphate,  992 

Antimony  telluride,  993 

Antimony  tetrachloride,  984 

Antimony  tetroxide,  976 

Antimony  thiophosphate,  993 

Antimony  tribromide,  984 

Antimony  trichloride,  981 

Antimony  trifluoride,  980 

Antimony  tri-iodide,  985 

Antimony  trioxide,  974 

Antimony  trisulphide,  985 

Apatite,  530,  537,  558 

Apjohnite,  1151 

Apophyllite,  564 

Aquochlororuthenates,  1324 

Aragonite,  190,  530,  561 

Arc  spectra,  146 

Argentan,  718,  1302 

Argentiferous  copper,  455 

Argentite,  445,  475 

Argon,  atomic  weight  of,  67 

Argyrodite,  838,  839 

Arsenical  pyrites,  1165,  1173 

Arsenovanadio  acid,  940 

Asbestos,  625 

Astracanite,  118 

Asymmetric  system,  187 

Atom,  constitution  of  the,  39 

Atom  and  molecule,  27 

Atomic  heat,  15,  66 

Atomic  volume,  57,  60 

Atomic  weight,  selection  of,  13 

Atomic  weights,  basis  of,  9;  correc- 
tion of  doubtful,  66  ;  determination 
of,  6  ;  revision  of,  13 

Auribromic  acid,  517 

Auric  bromide,  517 

Auric  chloride,  514 

Auric  cyanide,  524 

Auric  hydroxide,  512 

Auric  iodide,  518 

Auric  oxide,  512 

Auric  sulphide,  519 

Auric  thioeyanate,  o2o 

Auriohalcite,  644 
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Aurichlorio  acid,  515 
Auricyanic  acid,  524 
Auroauiic  oxide,  513 
Auroauric  sulphide,  519 
Aurodiamine,  521 
Aureus  acetylide,  523 
Aureus  bromide,  516 
Aurous  carbide,  523 
Aureus  chloride,  513 
Aurous  cyanide,  523 
Aurous  hydroxide,  511 
Aurous  iodide,  517 
Aurous  oxide,  511 
Aurous  sulphide,  518 
Aurous  thiocyanate,  524 
Auryl  hydroxide,  512 
Auetenite,  1216 
Axes  of  symmetry,  183 
Axial  ratios,  179 
Azurite,  400,  440 
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Balanced  reactions,  128 

Barium,  601 ;  atomic  weight  of,  615  ; 
compounds  of,  603 ;  detection  of, 
614  ;  estimation  of,  615  ;  occurrence 
of,  602 ;  preparation  of,  602 ;  pro- 
perties of,  603 

Barium  amide,  612 

Barium  azoimide,  612 

Barium  carbide,  613 

Barium  carbonate,  613 

Barium  chlorate,  608 

Barium  chloride,  606 

Barium  chromate.  1032 

Barium  cobaltite,  1281 

Barium  dioxide,  605 

Barium  disulphate,  611 

Barium  dithionate,  611 

Barium  ferrate,  1226 

Barium  ferrocyanide,  1256 

Barium  fluoride,  607 

Barium  hydride,  606 

Barium  hydrosulphide,  609 

Barium  hydroxide,  604 

Barium  iodate,  608 

Barium  iodide,  607 

Barium  iridicyanide,  1369 

Barium  manganate,  1140 

Barium  molybdates,  1069 

Barium  monoxide,  604 

Barium  nickelite,  1306 

Barium  nitrate,  612 

Barium  nitride,  611 

Barium  nitrite,  612 

Barium  osmocyanide,  1359 

Barium  percarbonate,  614 

Barium  permanganate,  1144 

Barium  persulphate,  611 

Barium  platinocyanide,  1402 

Barium  platinonitrite,  1398 


Barium  silicates,  614 
Barium  subchloride,  607 
Barium  suboxide,  603 
Barium  sulphate,  214,  610 
Barium  sidphide,  608 
Barium  tetrasulphide,  609 
Barium  thioantimonate,  991 
Barlow  and  Pope's  theory,  220 
Baryta,  604 
Baryta  water,  605 
Baryto-calcite,  602,  613 
Baryto-celestine,  595,  602 
Bases,  acids,  and  salts,  90 
Basic  oxides,  103 
Basic  salts,  108 
Bauxite,  710,  720,  721 
Beoquerel  ravs,  1413 
Bell  metal,  850 
Beraunite,  1246 
Berthierite,  964 
Beryl,  192,  617 
Beryllium,  616 
Bessemer  steel,  1203 
Biotite,  711 

Bismuth,  998  ;  alloys  of,  1003  ;  atomic 
weight  of,  1016  ;  detection  of,  1014  ; 
estimation  of,  1015  ;  metallurgy  of, 
999 ;  properties  of,  1002 
Bismuth  arsenate,  1014 
Bismuth-aurite,  491 
Bismuth  carbonate,  1014 
Bismuth  chlorosulphide,  1010 
Bismuth  chromate,  1034 
Bismuth  dichloride,  1007 
Bismuth  nitrate,  1011 
Bisnmth  nitride,  1011 
Bismuth  ochre,  999,  1005 
Bismuth  oxybromide,  1008 
Bismuth  oxychloride,  1007 
Bismuth  oxyfluoride,  1007 
Bismuth  oxyiodide,  1009 
Bismuth  oxysulphides,  1010 
Bismuth  phosphate,  1013 
Bismuth  selenide,  1011 
Bismuth  silicate,  1014 
Bismuth  suboxide,  1004 
Bismuth  subsulphide,  1009 
Bismuth  sulphate,  1010 
Bismuth  telhiride,  1011 
Bismuth  thiosulphate,  1011 
Bismuth  tribromide,  l008 
Bismuth  trichloride,  1007 
Bismuth  trifluoride,  1007 
Bismuth  trihydroxide,  1006 
Bismuth  tri-iodide,  1008 
Bismuth  trioxide,  1005 
Bismuth  trisulphide,  1009 
Bisrauthic  acid,  1006 
Bismuthite,  999,  1009,  1014 
Bismutosmaltite,  999 
Bitter-spar,  530 
Black-ash  process,  291 
Blade  band  iron-stone,  1 1 75 
Black-jack,  644 
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Blanc  fixe,  611 

Blast  furnace,  1178;  chemical  changes 

in,  1183  ;  gases  of  the,  1185 
Bleaching  powder,  5;i9,  541 
Bleaching  processes,  549. 
Bleinierite,  980 
Blister  copper,  404 
Blood,  spectrum  reaction  of,  1(37 
Blue  John,  536 
Blue  vitriol,  434 

Boiling  points  of  the  elements,  62 
Bone-phosphate,  558 
Bones,  constituents  of,  558 
Bouonian  phosphorus,  609 
Boracite,  330 
Borax,  271 
Borax  glass,  271 
Boronatrocalcite,  271 
Boulangerite,  964 
Boiirnonite,  872,  964 
Brass,  651 

Braunite,  1124,  1131 
Breithauptite,  964,  1298 
Brewsterite,  595,  602 
Brine,   electrolysis  of,  313  ;  e\apora- 

tion  of,  251 
Brine  wells,  250 
Britannia  metal,  970 
Bromargyrite,  471 
Bronze,  850 
Brookite,  806,  809 
Brown-spar,  530 
Brucite,  629 
Brunswick  green,  433 
Butter  of  antimony,  981 
Butter  of  tin,  863 
Buttercup  yellow,  1033 
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Cadmium,  664 ;  atomic  weight  of, 
670;  detection  of,  669;  estimation 
of,  67(1 ;  preparation  of,  664 ;  pro- 
perties of,  665 

(Cadmium  carbonates,  669 

Cadmium  chloride,  667 

Cadmium  hydroxide,  666 

Cadmium  iodide,  668 

Cadmium  nitrate,  669 

Cadmium  oxide,  666 

Cadmium  sulphate,  668 

Cadmium  sulphide,  668 

Cadmous  hydroxide,  667 

Cadmous  oxide,  667 

Cfesium,  372 ;  atomic  weight  of, 
375 ;  detection  of,  375  ;  disco  \'ery 
of,  161  ;  properties  of,  373 ;  occur- 
rence of,  372  ;  separation  of,  367 

C;epium  compounds,  374,  375 

Caesium  platinichloride,  1394 

Cfesium  sulphate,  218 

Calamine,  644,  660 

Calaverite,  491 


Calcium,  530  ;  atomic  weight  of,  594  ; 
detection  of,  593 ;  estimation  of, 
593  ;  preparation  of,  531  ;  proper- 
ties of,  532 ;  occurrence  of,  530 

C^alcium  arsenide,  559 

Calcium  bisulphite,  552 

Calcium  boride,  559 

Calcium  borosilieates,  565 

Calcium  bromide,  539 

Calcium  carbide,  560 

Calcium  carbonate,  561  ;  dissociation 
of,  129 

Calcium  chlorate,  550 

Calcium  chloride,  537 

Calcium  cyanamide,  564 

Calcium  dioxide,  535 

Calcium  disulphide,  551 

Calcium  ferrite,  1225 

Calcium  ferrocyanide,  12o5 

Calcium  fluoride,  636 

Calcium  hydride,  536 

Calcium  hydrosulpliide,  551 

Calcium  hydroxide,  535 

Calcium  hydroxyhydrosulphide,  551 

Calcium  hypophosphite,  559 

Calcium  hyposulphite,  552 

Calcium  iodide,  539 

Calcium  molybdates,  1068 

Calcium  monosulphide,  550 

Calcium  monoxide,  532 

Calcium  nitrate,  556 

Calcium  nitride,  556 

Calcium  pentasulphide,  551 

Calcium  phosphates,  557 

Calcium  phosphide,  557 

Calcium  silicates,  564 

Calcium  silicide,  564 

Calcium  subchloride,  539 

Calcium  sulphate,  552 

Calcium  sulphite,  551 

Calcium  thiosulphate,  556 

Calcium  titanate,  811 

Calcium  titanosilicate,  812 

Calcium  tungstate,  1090 

Calcspar,  530,  561 

Caliche,  262 

Calomel,  684,  704 

Oampylite,  899 

Canton's  phosphorus,  550 

Carbides,  127 

Carbonates,  127 

Carbonylferrocyanio  acid,  1266 

Carbonylplatinochlorides,  1390 

Carnallite,  119,  319,  330,  367,  625, 
631 

Carnotite,  913,  1105 

Case  hardening,  1213 

Cassel  yellow,  893 

Cassiterite,~197,  214,  843,  854 

Cast  iron,  1172,  1176,  1187,  1190 

Castuer's  process,  239 

Catalytic  action,  133 

Caustic  potash,  325 

Caustic  soda,  214,  299,  317 
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Celestine,  59+ 
Celtium,  802 

Cementation  process,  1199 
Cements,  665 
Centre  of  symmetry,  184 
Ceric  fluoride,  79-t 
Ceric  nitrate,  795 
Cerio  sulphate,  794 
Cerite,  774,  766 

Cerium,  788,  789  ;  atomic  weight  of, 
796  ;  detection  of,  795  :  estimation 
of,  796 
Cerium  carbide,  795 
Cerium  oxides,  790 
Cerium  silicide,  795 
Cerous  bromide,  792 
Cerous  carbonate,  793 
Cerous  chloride,  791 
Cerous  hydride,  791 
Cerous  hydroxide,  790 
Cerous  iodide,  792 
Cerous  nitrate,  793 
Cerous  nitride,  793 
Cerous  phosphate,  793 
Cerous  sulphate,  792 
Cerous  sulphide,  792 
Cerussite,  872,  899 
Cervantite,  964,  976 
Chalcocite,  400 
Chalcopyrite,  400 
Chalk,  530,  561 
Chalybite,  530 
Chance  process,  301 
Chemical  analysis  b\'  positive   rays, 

1410 
Chili  saltpetre,  262 
Chloanthite,  1312 
Chlorargyrite,  445,  467 
Chlorates,  124 
Chloride  of  lime,  529 
Chlorides,  122 
Chloroauric  acid,  515 
Chloropalladates,  1343 
Chloropalladites,  1343 
Chloroplatinic  acid,  1393 
Cliloroplatinites,   1391 
Chloroplatinophosphorous  acids,  1390 
Chlororhodites,  1333 
Chlororuthenates,  1324 
Chlororuthenites,  1324  ^. 

Chromammines,  1055 
Chrome  alum,  1044 
Chrome  iron  stone,  1019,  1(I2K,  1058 
Chrome  ochre,  1022 
Chrome  orange,  1034 
Chrome  red,  1033 
Chrome  yellow,  1033 
Chromic  acid,  1027 
Chromic  anhydride,  1025 
Chromic  bromide,  1043 
Chromic  chloride,  1041 
Chromic  chromate,  1034 
Chromic  fluoride,  1041 
Chromic  hydroxides,  1023 


Chromic  nitrate,  1049 

Chromic  oxide,  1(J22 

Cliromie  phosphates,  1049 

Chromic  sulphate,  1044 

Chromic  sulphide,  1044 

Chromic  thiocyanate,  1050 

Chromite,  1019 

Chromites,  1024 

Chromitite,  1019 

Chrominm,  1019;  ammoniacal  com- 
pounds of,  1051  ;  asymmetric  com- 
pounds of,  1056  ;  atomic  weight  of, 
1058  ;  detection  of,  1057 ;  estima- 
tion of,  1058  ;  preparation  of,  1020  ; 
properties  of,  1021 

Chrominm  amalgams,  1021 

Chromium  borides,  1049 

Chromium  carbides,  1050 

Chromium  dioxide,  1034 

Chromium  group,  1017 

Chromium  monoxide,  1022 

Chromium  nitride,  1048 

Chromium  phosphide,  1049 

Chromium  sesquioxide,  1022 

Chromium  silicides,  1051 

Cliromium  trioxide,  1025 

Chromosulphuric  acids,  1047 

Chromous  acetate,  1040 

Chromous  bromide,  1040 

Chromous  carbonate,  1040 

Chromous  chloride,  1039 

Chromous  hydroxide,  1022 

Chromous  iodide,  1040 

Chromous  sulphate,  1040 

Chromous  sulphide,  1040 

Chromyl  dichloride,  1035 

Chromyl  difluoride,  1035 

Chromylamide,  1037 

Chrysoberyl,  617 

Chr3'socolla,  441 

Cinnabar,  672,  693 

Classification  of  the  elements,  42,  44 

Claus  kiln,  302 

Clay  iron-stone,  1175,  1177 

Clays,  71 1 

Clinoclasite,  440 

Cobalt,  1274  ;  atomic  weight  of,  07, 
1296  ;  detection  of,  1296  ;  estima- 
tion of,  1296;  preparation  of,  1276  ; 
properties  of,  1277 

Cobalt  and  nickel,  separation  of, 
1316,  1317 

Cobalt  antimonides,  1292 

Cobalt  arsenates,  1292 

Cobalt  arsenides,  1291 

Cobalt  azoimide,  1286 

Cobalt  bloom,  1275 

Cobalt  bromide,  1283 
Cobalt  carbonates,  1292 
Cobalt  carbonyls,  1292 
Cobalt  chlorate,  1283 
Cobalt  chloride,  1281 
Cobalt  dioxide,  1280 
Cobalt  glance,  1275,  1291 
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Cobalt  iodate,  1283 

Cobalt  iodide,  1283 

Cobalt  nitrate,  1287 

Cobalt  nitride,  1286 

Cobalt  nitrite,  1286 

Cobalt  phosphates,  1292 

Cobalt  phosphides,  1291 

Cobalt  silicates,  1295 

Cobalt  silioides,  1294 

Cobalt  sulphide,  1284 

Cobalt  tetracarbon.yl,  1292 

Cobalt  tricarbonyl,'  1293 

Cobalt  ultramarine,  1295 

Cobaltammine  salts,  1288 

Cobaltio  ammonium  alum,  12S5 

Cobaltic  fluoride,  1281 

Cobaltic  hydroxide,  1279 

Cobaltic  oxide,  1279 

Cobaltic  sulphite,  1284 

Cobalticyanic  acid,  1294 

Cobaltite,  1275,  1291 

Cobalto-cobaltic  oxide,  1279 

Cobaltous  cobalticyanide,  1294 

Cobaltous  cobaltite,  1281 

Cobaltous  cyanide,  1293 

Cobaltous  fluoride,   1281 

Cobaltous  hydroxide,  1278 

Cobaltous  oxide,  1278 

Cobaltous  sulphate,  1284,  1285 

Cobaltous  svilphite,  1284 

Coinage,  gold,  510 

Coinage,  silver,  463 

Coleothar,  1222 

Collargol,  460 

Colloidal  solutions  of  metals,  72 

Cologne  yellow,  1033 

Columbic  acid,  951 

Columbite,  944,  946 

Columbium,  944 ;  atomic  weight  of, 
956  ;  detection  of,  955 ;  estima- 
tion of,  955 ;  preparation  of,  949  ; 
properties  of,  949 

Columbium  compounds,  extraction 
of,  948 

Columbium  nitride,  955 

Columbium  oxides,  950 

Columbium  oxybromide,  954 

Columbium  oxychloride,  954 

Columbium  oxyfluoride,  952 

Columbium  oxysulphide,  955 

Columbium  pentabromide,  954 

Columbium  pentachloride,  953 

Columbium  pentafluoride,  952 

Columbium  trichloride,  953 

Common  salt,  250 

Complex  salts,  109 

Compressible  atoms,  theory  of,  61 

Conductivity  of  alloys,  86  ;  metals, 
64 

Condy's  fluid,  1144 

Constantan,  1304 

Contra-valency,  41 

Constitution  of  the  atom,  39 

Co-ordination  compounds,  38 


Copiapite,  1239 

Copper,  398  ;  alloys  of,  418  ;  ammon- 
iacal  compounds,  442  ;  annual  pro- 
duction of,  418  ;  atomic  weight  of, 
444  ;  colloidal,  420  ;  detection  of, 
443  ;  electrolytic  refining  of,  416  ; 
estimation  of,  444 ;  ores  of,  400  ; 
properties  of,  418  ;  sources  of, 
399  ;  uses  of,  420 ;  wet  extraction 
of,  413 

Copper  arsenates,  440 

Copper  arsenides,  439 

Copper  carbonates,  440 

Copper  chromates,  1031 

Copper  dioxide,  426 

Copper  ferrocyanide,  1257 

Copper  glance,  400 

Copper  oxides,  421 

Copper  oxychloride,  433 

Copper  peroxide,  425 

Copper  phosphides,  431 

Copper  polysulphides,  434 

Copper  pyrites,  400,  1165 

Copper  quadrantoxide,  425 

Copper  silicates,  441 

Copper  smelting,  400,  408 

Copper  sulphate,  434 

Copper  trientoxide,  425 

Coprolites,  558 

Coral,  530 

Correction  of  doubtful  atomic  weights, 
66 

Corrosi\'e  sublimate,  688,  704 

Corpuscles,  40 

Corundum,  710,  718 

Cotnnnite,  892 

Covellite,  400,  434 

Crocoisite,  873,  1019 

Crocus,  1222 

Crocus  antimonii,  991 

Crookesite,  759 

Cryolite,  711,  725 

Cryolite  soda  process,  303 

Crystal  carbonate,  275,  316 

Crystalline  form  of  metals,  71 

Crystallochemical  analysis,  204 

Crystallographic  axes,  179  ;  systems, 
186 

Crystallography,   174  ;  chemical,  208 

Crystal, structures,  theories  of,  220 

Crystals,  characteristics  of,  175 ; 
classes  of,  185,  200  ;  distortion  of, 
176  ;  measurements  of,  176  ;  optical 
properties  of,  199  ;  pyroeleetric 
liehaviour  of,  200  ;  structure  of, 
204 ;  symmetrj'  of,  182  ;  thermal 
properties  of,  199 

Cubic  system,  193,  201 

Cupric  arsenite,  439 

Cupric  bromide,  433 

Cupric  chloride,  432 

Cupric  fluoride,  432 

Cupric  hydride,  432 

Cupric  hj'droxide,  424 
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Cupi'ie  nitrate,  437 

Cupric  nitrite,  438 

Cupric  oxide,  423 

Cupric  pliosphate,  439 

Cupric  phosphide,  438 

Cupric  sulphate,  434 

Cupric  sulphide,  434 

Cuprite,  400,  421 

Cuproscheelite,  1083 

Cuprous  acetylide,  428 

Cuprous  bromide,  428 

Cuprous     chloride,     4l'0  ;     molecular 

formula  of,  33,  35 
Cuprous  cyanide,  431 
Cuprous  Huoride,  4-2(i 
Cuprous  hydride,  426 
Cuprous  hydroxide,  422 
Cuprous  iodide,  42S 
Cuprous  nitride,  430 
Cuprous  oxide,  421 
Cuprous  phosphide,  431 
Cuprous  sulphate,  430 
Cuprous  sulphide,  429 
Cuprous  sulphite,  429 
Cuprous  thiocyanate,  431 
Cyanides,  123 
Cyanides,  complex,  1251 


1) 


Daguerreotype  pi-ocess,  483 

Damascening,  1213 

Dan bu rite,  565 

Datolite,  565 

Dechenite,  912 

Descloizite,  912 

Dialog!  te,  1155 

Dianium,  946 

Diaspore,  710,  720 

Diffusion  of  metals,  86 

Dilute  solutions,  constitution  of,  100 

Dioptase,  441 

Disintegration  theory,  1424 

Dissociation,    129,   136  ;    electrolytic, 

100 ;  hydrolytic,  102 
Divanadyl  hydroxide,  929 
Dolomite,  530,  625,  640 
Domeykite,  439 
Double  salts,  109,  118 
Dualiatic  theory,  94 
Dufrenite,  1245 
Dulong  and  Petit's  law,  1 6 
Dung  substitute,  270 
Dutch  brass,  651 
Dutch  white,  903 
Dyscrasite,  445,  964 
Dysprosium,  801 


Earthenware,  741,  745 
Rau  de  Javelle,  333 


Ekaboron,  68 

Ekaluminium,  68 

Ekasilicon,  68 

Electrochemical  theory  of  valency,  39 

Electrolysis  of  alkali  salts,  97 

Electrolysis  of  brine,  313 

Electrolytic  dissociation,  100 

Electrolytic  soda  process,  311 

Electrons,  40 

Klectro-nickel  plating,  1301 

Eleetrotyping  process,  416 

Elements,  classification  of,  42,  44 

Elements  in  sun's  atmosphere,  171 

Emanation,  1424 

Embolite,  471 

Emerald  copper,  441 

Emery,  719 

Emission  spectra,  145 

Emplectite,  999 

Enamel,  588 

Enantioraorphism,  195,  209 

Epsom  salts,  633 

Epsomite,  625,  633 

Equilibrium,  130,  134 

Equilibrium  constant,  134,  138 

Equivalent,  determination  of  the,  9 

Erbium,  801 

Erubescite,  400 

Erythrite,  1275 

Ethyl  ferroeyanide,  12ri4 

Euclase,  617 

Eulytite,  999,  1014 

Europium,  800 

Eutectic  mixtures  of  metals,  77,  83 

Euxenite,  775,  830,  838,  947 

Explosive  antimony,  969 


F 


Faience,  746 

Felspars,  711,  739 

Ferberite,  1083 

Fergusonite,  775,  947,  948 

Ferric  acid,  1225 

Ferric  ammonium  sulphate,  1240 

Ferric  arsenates,  1246 

Ferric  arsenite,  1246 

Ferric  bromide,  1231 

Ferric  chloride,    1228  ;    hydrates  of, 

116  ;  vapour  density  of,  32 
Ferric  ferricyanides,  1265 
Ferric  ferrocyanides,  1260 
Ferric  fluoride,  1227 
Ferric  hydroxide,  1222 
Ferric  nitrate,  1241 
Ferric  oxide,  1 22 1 
Ferric  oxychlorides,  1231 
Ferric  phosphates,  1245 
Ferric  potassiup  sulphate,  1240 
Ferric  sulphate,  1239 
Ferric  sulphide,  1233 
Ferric  thiocyanate,  1269 
Ferricyanic  acid,  1257 
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Ferrieyanogen  compounds,  1257 
Fenite,  1216 
Ferrites,  1224 
Ferrocyanic  acid,  1253 
Ferrocyanogen  compounds,  1252 
Ferrocyanogen  radical,  1250 
Ferromanganese,  1189 
Ferropentacarbonyl,  1247 
Ferrosilicon,  1270 
Ferroso-ferric  chloride,  1228 
Ferroso-ferrio  fluoride,  1227 
Ferroso-ferric  oxide,  1219 
Ferroso-ferrio  silicates,  1240 
Ferrotetracarbonyl,  1248 
Ferrous  ammonium  sulphate,  123S 
Ferrous  bicarbonate,  1247 
Ferrous  bromide,  1231 
Ferrous  carbonate,  1247 
Ferrous  chloride,  1227 
Ferrous  ehromite,  1025 
Ferrous  cobalticyanide,  1294 
Ferrous  disulphate,  1239 
Ferrous  ferrocyanides,  1259 
Ferrous  fluoride,  1227 
Ferrous  hydroxide,  1219 
Ferrous  iodide,  1232 
Ferrous  nitrate,  1241 
Ferrous  oxide,  1218 
Ferrous  perchlorate,  1232 
Ferrous  phosphate,  1245 
Ferrous  sulphate,  1236 
Ferrous  sulphide,  1165,  1232 
Ferrous  sulphite,  1236 
Ferrous  thiocyanate,  1269 
Ferrous  tungstate,  1091 
Fibro-ferrite,  1239 
Fischer's  salt,  1286 
Flame  spectra,  145 
Fluorides,  122 
Fluorspar,  193,  197,  536 
Fowler's  solution,  353 
Fracture  of  metals,  71 
Franklinite,  644,  1174 
Fraunhofer's  lines,  164,  168 
Freezing-point  curves  for  alloys,  77 
Fulminating  gold,  521 
Fulminating  platinum,  1398 
Fulminating  silver,  478 
Fusible  metal,  1003 
Fusible  white  precipitate,  703 


G 


Gadolinite,  774,  776 

Gadolinium,  800 

Gahnite,  644,  724 

Galena,  872,  895 

(jallium,  68,  751  ;  atomic  weight  of, 
753 ;  discovery  of,  163  :  prepara- 
tion of,  751  ;  properties  of,  752 

Gallium  compounds,  753 

Garnet,  193,  711,  739 


Garnierite,  1298,  1315 

Germanium,  68,  838  ;  atomic  weight 
of,  841  ;  detection  of,  841  ;  estima- 
tion of,  841 ;  properties  of,  838 

Germanium  chloroform,  840 

Germanium  diohloride,  841 

Germanium  fluoride,  840  ' 

Germanium  hydride,  840 

Germanium  oxides,  839 

Germanium  oxychloride,  840 

Germanium  sulphides,  841 

Germanium  tetrachloride,  840 

German  silver,  1302,  1303 

Gibbsite,  720 

Gilding,  509 

(ilass,  567 ;  coloured,  588 ;  decom- 
position of,  586 ;  history  of,  568  ; 
manufacture  of,  575  ;  varieties  of, 
572 

Glass  of  antimony,  991 

Glauberite,  258,  556 

Glauber's  salt,  258 

Glucina,  619 

Gluoinum,  616  ;  atomic  weiglit  of, 
67,  623;  compounds  of,  619;  de- 
tection of,  623  ;  estimation  of,  623 ; 
preparation  of,  617;  properties  of, 
618 

(ilucinura  borocarbide,  622 

Glucinum  bromide,  621 

(ilucinum  carbide,  622 

Glucinum  carbonates,  622 

Glucinum  chloride,  621 

Glucinum  fluoride,  621 

Glucinum  hydroxide,  620 

Glucinum  iodide,  621 

Glucinum  nitrate,  622 

Glucinum  oxide,  619 

Glucinum  sulphates,  621 

Gbthite,  1222 

Gold,  490 ;  alloys  of,  509  ;  atomic 
weight  of,  66,  526 ;  colloidal,  507  ; 
compounds  of,  511  ;  detection  of, 
525  ;  estimation  of,  525  ;  electro- 
deposition  of,  509  ;  extraction  of,- 
495,  497 ;  fulminating,  521  ;  native, 
495  ;  occurrence  of,  491,  492  ;  pre- 
paration of  pure,  504 ;  properties 
of,  504;  refining  of,  501,  503; 
world's  production  of,  494 

Gold-amalgam,  510 

Gold  bronze,  718 

Gold  bullion,  assay  of,  526 

(iold  coinage,  510 

Gold  ores,  assay  of,  525 

Gold  phosphides,  523 

Gold  telluride,  521 

Goniometer,  177 

Goslarite,  644,  658 

Greenocltite,  664,  668 

(ireen  vitriol,  1236 

Grossular,  711 

Guarinite,  812 

Guignet's  green,  1024 
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<Um-metal,  850 
Gunpowder,  348 
(iypsum,  530,  552 


H 


Hematite,  brown,  1165,  1175,   1177  ; 

red,  1165,  1174,  1177 
Hamburg  white,  903 
Hardenite,  1216 
Harmotome,  602 
Hatchett's  brown,  1257 
Hauerite,  1124,  1150 
Hauyne,  749 
Hausinannite,  1124,  1130 
Helium,  discovery  of,  163 
Helium  from  radium,  1432 
Heavy  spar,  602,  610 
Hemihedral  facets,  196 
Hemimorphite,  644 
Hercules  metal,  718 
Hexagonal  system,  192,  201 
Holmium,  801 
Horn-quicksilver,  684 
Horn-silver,  445,  467 
Hiibnerite,  1083,  1091 
Hyacinth,  822,  828 
Hyalophane,  602 
Hydrargillite,  720 
Hydrates  and  solubility,  113,  116 
Hydraulic  cement,  566 
Hydraulic  lime,  534 
Hydraulic  mortar,  565 
Hydrazine,  salts  of,  396 
Hydrohsematite,  1222 
Hydrolytic  dissociation  of  salts,  102 
Hydromagnesite,  639 
Hydroxides,  103 
Hydroxylamine,  salts  of,  395 
Hydrozincite,  644 
Hypochlorites,  124,  541 
Hypovanadates,  929 
Hypovanadic  hydrate,  929 
Hypovariadic  sulphates,  938 


I 


Ilmenite,  805,  806,  812 
llmenium,  946 
Incandescent  mantles,  832 
Indicators,  100 
Indices,  180 
Indigo-copper,  434 

Indium,  754;  atomicweightof,  67, 758 ; 
detection  of,  758  ;  discovery  of,  162 
Indium  ammonium  alum,  757 
Indium  chlorides,  756 
Indium  compounds,  755 
Indium  hydroxide,  756 
Indium  iodide,  757 
Indium  fluoride,  757 
Indium  nitrate,  757 
Indium  oxide,  7S5 
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Indium  sulphate,  757 
Indium  sulphide,  757 
Indium  sulphite,  757 
Infusible  white  percipitate,  702 
Intercepts,  179 
Intermetallic  compounds,  84 
lodargyrite,  473 
Iodine,  atomic  weight  of,  67 
lodostannic  acid,  860 
Iridibromides,  1367 
Iridichlorides,  1366 
Iridicyanic  acid,  1.368 
Iridicyanides,  1368 
Iridioohlorides,  1365 
Iridionitrites,  1368 
Iridium,     1349,     1360 ;     ammoniacal 
derivatives  of,  1369  ;  atomic  weight 
of,  66,  1370  ;  detection  and  estima- 
tion of,  1370  ;  preparation  of,  1361  ; 
properties  of,  1362 
Iridium  bromides,  1366 
Iridium  chlorides,  1365 
Iridium  hydroxides,  1.364,  1365 
Iridium  iodide,  1367 
Iridium  oxides,  1364 
Iridium  sulphates,  1367,  1368 
Iridium  sulphides,  1367 
Iridium  sulphites,  1367 
Iron,   1162;  atomic  weight  of,  1274; 
compounds  of,  1217  ;  detection  of, 
1271  ;   estimation   of,    1272,  1273  ; 
grey,   1187;   metallurgy  of,   1171; 
meteoric,  1163  ;  mottled,  1188  ;  ores 
of,  1165,  1173  ;  passive,  1167  ;  pre- 
paration of  pure,  1165  ;  properties 
of,  1166  ;  reduced,  1168  ;  rusting  of, 
1168;  spongy,    1168;  varieties  of, 
1172;  white,  1187 
Iron  alum,  1240  '- 
Iron  amalgam,  1170 
Iron  arsenides,  1246 
Iron  borides,  1246 
Iron  carbide,  1247 
Iron  carbonyls,  1247,  1248 
Iron  cyanogen  compounds,  1249 
Iron  diaulphide,  1234 
Iron,  magnetic  oxide  of,  106,  1219 
Iron  nitrides,  1240 
Iron,  nitroso-compounds  of,  1242 
Iron  pentacyano-compounds,  1266 
Iron  phospliides,  1243 
Iron  pyrites,  1165,  1173,  1235 
Iron  silicates,  1271 
Iron  silicides,  1270 
Iron  subsulphide,  1236 
Isodimorphism,  219 
Isomorphism,  24,  211,  213,  217 
Isomorphous  mixtures,  21.5,  216 
Isomorphous  series,  25 


J 


Jamesonite,  964 
.lohannite,  1118 
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Kainite,  330,  625 

Kaolin,  739 

Keilhauite,  774,  806 

Keramohalite,  729 

Kermesite,  991 

Kieserite,  330,  625,  633 

Kleinite,  691 

Kupfernickel,  1297,  1298,  1312 


Labile  systems,  115 

Labradorite,  711 

Lanarkite,  873 

Lanthanite,  788 

Lanthanum,  785 ;  atomic  weight  of, 
788  ;  detection  of,  788  ;  estimation 
of,  788 

Lanthanum  bromate,  787 

Lanthanum  carbide,  787 

Lanthanum  carbonate,  788 

Lanthanum  chloride,  786 

Lanthanum  hydride,  786 

Lanthanum  hydroxide,  785 

Lanthanum  nitrate,  787 

Lanthanum  nitride,  787 

Lanthanum  oxide,  785 

Lanthanum  sulphate,  786 

Lanthanum  sulphide,  786 

Lapis  lazuli,  746 

Laurionite,  892 

Laurite,  1319,  1325 

Law  of  Dulong  and  Petit,  16 

Law  of  geometrical  crystallography, 
178 

Law  of  mass  action,  128,  131 

Law  of  octaves,  46 

Law  of  rational  intercepts,  180 

Loadstone,  1174 

Lorandite,  759 

Lead,  871  ;  action  of  water  on,  904 ; 
atomic  weight  of,  908  ;  compounds 
of,  885  ;  detection  of,  906  ;  desilver- 
Isation  of,  879  ;  estimation  of,  908  ; 
poisonous  action  of,  904 ;  prepara- 
tion of  chemically  pure,  883  ;  pro- 
perties of,  884  ;  smelting  of,  873  ; 
world's  production  of,  883 

Lead  antimonate,  980 

Lead  borates,  899 

Lead  bromide,  894 

Lead  carbonates,  899 

Lead  chloride,  891 

Lead  chromates,  1033 

Lead  cyanate,  903 

Lead  cyanide,  903 

Lead  ferricyanide,  1258 

Lead  fluorides,  891 

Lead  hydroxide,  886 


Lead  imide,  897 

Lead  iodide,  894 

Lead  molybdate,  1069 

Lead  monoxide,  885 

Lead  nitrate,  898 

Lead  nitrite,  897 

Lead  oxybromide,  894 

Lead  peroxide,  889 

Lead  persulphate,  897 

Lead  phosphates,  899 

Lead  sesquioxide,  887 

Lead  silicates,  903 

Lead  suboxide,  887 

Lead  sulphate,  896 

Lead  sulphide,  895 

Lead  tetrachloride,  893 

Lead  tiiugstate,  1091 

Leadhillite,  873 

Leblanc  soda  process,  283 

Lemon  chrome,  1032 

Lepidolite,  227,  365 

Leuoophane,  617 

Libethenite,  439 

Lichtenberg's  metal,  1003 

Liebigite,  1105,  1120 

Light,  action  of,  on  silver  salts, 
487 

Lime,  532 ;  superphosphate  of, 
559 

Lime  burning,  533 

Limestone,  530,  533,  561 

Limonite,  1175,  1222 

Linnaeite,  1275,  1284,  1298,  1309 

Lipowitz,  1003 

Liquation  in  alloys,  85 

Litharge,  886 

Lithium,  227  ;  atomic  weight  of,  237  ; 
detection  of,  236  ;  estimation  of, 
237  ;  occurrence  of,  160 ;  prepara- 
tion of,  229;  properties  of,  230; 
salts  of,  232 ;  sources  of,  227  ; 
spectroscopic  detection  of,  160 

Lithium  amide,  233 

Lithium  azoimide,  234 

Lithium  carbide,  234 

Lithium  carbonate,  235 

Lithium  chloride,  232 

Lithium  hydride,  232 

Lithium  hydroxide,  231 

Lithium  imide,  234 

Lithium  iodotetrachloride,  233 

Lithium  nitrate,  234 

Lithium  nitride,  233 

Lithium  oxide,  231 

Lithium  peroxide,  232 

Lithium  phosphate,  234 

Lithium  platinichloride,  1393 

Lithium  silicates,  236 

Lithium  silicide,  236 

Lithium  sulphate,  233 

Liver  of  sulphur,  339 

Livers  of  antimony,  988 

Lunar  caustic,  479 

Lutecium,  802 
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Magistery  of  bismuth,  1012 

Magnalium,  626,  718 

Magnesia,  628 

Magnesia  alba,  639 

Magnesite,  625,  637 

Magnesium,  623 ;  atomic  weight  of, 
642  :  compounds  of,  628  ;  detection 
of,  641  ;  estimation  of,  641  ;  pre- 
paration of,  625  ;  properties  of, 
627 

Magnesium  bromide,  632 

Magnesium  carbides,  637 

Magnesium  carbonates,  637 

Magnesium  chloride,  630 

Magnesium  cobaltite,  1281 

Magnesium  ferrite,  1225 

Magnesium  ferrocyanide,  1256 

Magnesium  fluoride,  630 

Magnesium  hj'droxide,  629 

Magnesium  iodide,  632 

Magnesium  molybdate,  1069 

M  agiiesium  nitrate,  636 

Magnesium  nitride,  635 

Magnesium  oxide,  628 

Magnesium  oxychlorides,  631 

Magnesium  peroxide,  630 

Magnesium  phosphates,  636 

Magnesium  phosphide,  636 

Magnesium  platinocyanide,  1403 

Magnesium  silicates,  640 

Magnesium  silicide,  640 

Magnesium  sulphate,  195,  633 

Magnesium  sulphide,  632 

Magnetic  iron  ore,  1165,  1174,  1177 

Magnetic  oxide  of  iron,  106,  1219 

Magnetic  pyrites,  1165,  1234,  1298 

Magnetite,  1174 

Magnoferrite,  629 

Malachite,  400,  440 

Manganates,  1139 

Manganese,  1123;  alloys  of,  1127; 
atomic  weight  of,  1159  ;  detection 
of,  1157  ;  estimation  of,  1158  ; 
preparation  of,  1124;  properties 
of,  1127 

Manganese  alums,  1151 

Manganese  antinionide,  1154 

Manganese  arsenides,  1154 

Manganese  borate,  1154 

Manganese  borides,  1154 

Manganese  bronze,  1127 

Manganese  carbide,  1155 

Manganese  carbonate,  1155 

Manganese  chromite,  1025 

Manganese  dioxide,  1132  ;  regenera- 
tion of,  1134 

Manganese  disulphide,  1150 

Manganese  heptoxide,  1140 

Manganese  nitrate,  1153 

Manganese  nitride,  1152 

Manganese  ores,  valuation  of,  1159 


Manganese  phosphides,  1153 
Manganese  silicides,  1156 
Manganese  spar,  1124,  1155 
Manganese  steel,  1214 
Manganese  sulphide,  1148 
Manganese  tetrachloride,  1147 
Manganese  thiocyanate,  1156 
Manganese  trichloride,  1147 
Manganese  trioxide,  1139 
Jlanganese  tungstate,  1091 
Manganic  fluoride,  1145 
Manganic  hydroxide,  1131 
Manganic  oxide,  1131 
Manganic  phosphates,  1153 
Manganic  sulphate,  1151 
Manganite,  1124,  1131 
Manganites,  1133 
Mangano-calcite,  530 
Manganous  aluminium  sulphate,  1151 
Manganous  arsenate,  1154 
Manganous  bromide,  1149 
Manganous  chloride,  1146 
Manganous  dithionate,  1152 
Manganous  fluoride,  1145 
Manganous  hydroxide,  1129 
Manganous  iodide,  1149 
Manganous  oxide,  1129 
Manganous  phosphates.  1153 
Manganous  silicates,  1157 
Manganous  sulphate,  1150 
Manganous  tetriodate,  1149 
Mapping  spectra,  148 
Marble,  530,  561 
Marcasite,  998 
Martensite,  1216 
Mass  action,  law  of,  128 
Massicot,  886 
Matlockite,  873,  892 
Matt  glass,  592 
Meerschaum,  625 
Melaconite,  400 

Melting  points  of  the  elements,  61 
Menachanite,  805 
MendeleefFs  svsteni,  48 
Mendipite,  873,  892 
Mercuric  acetylide,  699 
Mercuric  arsenide,  698 
Mercuric  bromide,  691 
Mercuric  carbonates,  699 
Mercuric  chloride,  688 
Mercuric  compounds,  680 
Mercuric  cyanate,  700 
Mercuric  cyanide,  699 
Mercuric  fluoride,  688 
Mercuric  hyponitrite,  698 
Mercuric  iodide,  692,  704 
Mercuric  nitrate,  697 
Mercuric  nitrite,  698 
Mercuric  oxide,  682 
Mercuric  oxychlorides,  691 
Mercuric  oxyeyanide,  700 
Mercuric  phosphide,  698 
Mercuric  sulphate,  696 
Mercuric  sulphide,  693 
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Mercuric  thiocyanate,  700 

Mercurous  bromide,  685 

Mercurous  carbonate,  687 

Mercurous  chloride,  684 

Mercurous  compounds,  680 

Mercurous  fluoride,  684 

Mercurous  iodide,  686 

Mercurous  nitrate,  687 

Mercurous  nitrite,  686 

Mercurous  oxide,  682 

Mercurous  sulphate,  686 

Mercurous  sulphide,  686 

Mercury,  671  ;  alloys  of,  678  ;  ammon- 
iacal  compounds  of,  700  ;  atomic 
weights  of,  706 ;  compounds  of, 
680  ;  detection  of,  705  ;  estimation 
of,  706  ;  manufacture  of,  672  ;  pro- 
perties of,  676  ;  purification  of,  675  ; 
world's  production  of,  675 

Mercury  and  its  compounds,  thera- 
peutic uses  of,  703 

Mercury  nitride,  697 

Mercury  perchlorate,  693 

Merciiry  periodide,  692 

Mercury  peroxide,  683 

Metabisulphites,  125 

Metalloids,  4 

Metals,  boiling  points  of,  62 ;  con- 
ductivity of,  64  ;  crystalline  form 
of,  71  ;  diffusion  of,  86 ;  melting 
points  of,  62 ;  molecular  weights 
of,  26  ;  specific  heab  of,  15  ;  vapour 
density  of,  26 

Metals  and  non-metals,  4,  6 

Metals  of  the  rare  earths,  69 

Metals,  colloidal  solutions  of,  72 

Metastable  systems,  115 

Metastannic  acid,  855,  857 

Meteoric  iron,  1163,  1298 

Mica,  711 

Mierocosmic  salt,  391 

Microscopical  study  of  alloys,  81 

Millerian  indices,  180 

Millerite,  1298,  1308 

Millon's  base,  701 

Milk  glass,  588 

Milk  of  lime,  535 

Mimetesite,  873,  899 

Minium,  888 

Mispickel,  1246 

Molecular  heat  of  compounds,  21 

Molecular  weights  of  metallic  com- 
pounds, 14 

Molecular  weights  of  the  metals,  26 

Molecule  and  atom,  27 

Molybdenite,  1060,  1078 

Molybdenum,  1059 ;  atonn'c  weight 
of,  66,  1082 ;  detection  of,  1081  ; 
estimation  of,  1081  ;  metallurgy  of, 
1060  ;  properties  of  1061 

Molybdenum  boride,  1080 

Molybdenum  carbides,  1080 

Molybdenum  dibromide,  1073 

Molybdenum  dichloride,  1073 


Molybdenum  di-iodide,  1073 
Molybdenum  dioxide,  1063 
Molybdenum  disulphide,  1078 
Molybdenum  hexafluoride,  1073 
Molybdenum  molybdates,  1069 
Molybdenum  nitride,  1080 
Molybdenum  oxyhalides,  1076 
Molybdenum  peutachloride,  1075 
Molj'bdenum  phosphide,  1080 
Molybdenum  sesquioxide,  1062 
Molybdenum  sesquisulphide,  1078 
Molybdenum  silieide,  1080 
Molybdenum  tetrabromide,  1075 
Molybdenum  tetrachloride,  1075 
Molybdenum  tetrasulphide,  1079 
Molybdenum  tetriodide,  1075 
Molybdenum  tribromide,  1075 
Molybdenum  trichloride,  1074 
Molybdenum  trioxide,  1064 
Molybdenum  trisulphide,  1079 
Molybdenyl  tetrachloride,  1076 
Molybdenyl  tetrafluoride,  1076 
Molybdic  acid,  1065 
Mol'ybdic  ochre,  1060 
Molybdic  tetrahydroxide,  1063 
Monazite,  775,  830,  831 
Monel  metal,  1304 
Monoclinic  system,  188,  201 
Monosymmetric  system,  188 
Monthier's  blue,  1263 
Morphotropy,  219 
Mortar,  534,  565  ;  hydraulic,  565 
Mosaic  gold,  866 
Mottramite,  912 
Muntz  metal,  651 


N 


Nagyagite,  491 

Natron,  275 

Natural  arrangement  of  the  elements, 
44 

Neodymium,  798 ;  compounds  of, 
798  ;  detection  of,  799 

Neoytterbium,  802 

Neptunium,  946 

Nessler's  solution,  702 

Niccolite,  1298,  1312 

Nickel,  1297  ;  alloys  of,  1302  ;  atomic 
weight  of,  67,  1318  ;  detection  of, 
1315  ;  estimation  of,  1316  ;  metal- 
lurgy of,  1298  ;  properties  of,  1301 

Nickel  ammonium  sulphate,  1310 

Nickel  and  cobalt,  separation  of,  1316, 
1317 

Nickel  arsenates,  1312 

Nickel  arsenides,  1312 

Nickel  blende,  1298 

Nickel  boride,  1312 

Nickel  bromide,  1308 

Nickel  carbonate,  1314 

Nickel  chlorate,  1308 

Nickel  chloride,  1307 
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Nickel  cyanide,  1314 
Nickel  dioxide,  1306 
Nickel  disulphide,  1309 
Nickel  fluoride,  1307 
Nickel  glance,  1298 
Nickel  hydroxide,  1305 
Nickel  iodate,  1308 
Nickel  iodide,  1308 
Nickel  monosiilphide,  1308 
Nickel  monoxide,  1305 
Nickel  nitrate,  1311 
Nickel  nitride,  1311 
Nickel  nitrite,  1311 
Nickel  ochre,  1298 
Nickel  oxides,  1304 
Nickel  phosphates,  1312 
Nickel  phosphides,  1311 
Nickel  plating,  1301 
Nickel  sesquioxide,  1300 
Nickel  sesquisulphide,  1309 
Nickel  silicates,  1315 
Nickel  silicide,  1314 
Nickel  sih'er,  1302,  1303 
Nickel  subsulphide,  1309 
Nickel  sulphate,  1309 
Nickel  tetraoarbonyl,  1312 
Nickel  tetroxide,  1307 
Nickel  trihydroxide,  130fi 
Nickeline,  1298,  1312 
Niobium,  944 
Nitrates,  126 
Nitre,  343 
Nitrides,  126 
Nitrites,  126 
Nitritoplatinites,  1397 
Nitrocobalt,  1286 
Nitrooopper,  430 
Nitronickel,  1311 
Nitroprussic  acid,  1266 
Nitrosoferrieyanic  acid,  1266 
Nixferrum,  975 
Non-metals,  4 
Normal  salts,  107 
Normal  valency,  41 


0 


Odontolite,  738 
Okenite,  564 
Olivenite,  440 
Optical  activity,  197 
Orangite,  830,  833 
Ornithite,  558 
Orthoclase,  319,  711,  739 
Orthorhombic  system,  189 
Osmiamic  acid,  1357 
Osmic  acid,  1352 
Osmichlorides,  1354 
Osminitrites,  1358 
Osmiridium,  1319,  1349,  1361,  1374 
Osmisulphites,  1356 
Osmium,  1349 ;  atomic  weight  of,  66, 
1360  ;  detection  of,  1359  ;   estima- 


tion of,  1360  ;  preparation  of,  1349  ; 

properties  of,  1350 
Osmium  bromides,  1355 
Osmium  chlorides,  1354 
Osmium  iodides,  1355 
Osmium  nitrite,  1358 
Osmium  oxides,  1351 
Osmium  oxy sulphide,  1352 
Osmium  sulphite,  1356 
Osmium  tetrasulphide,  1356 
Osmium  tetroxide,  1353 
Osmochlorides,  1354 
Osmocyanic  acid,  1358 
Osmosamraine  hydroxide,  1357 
Osmyldiammine  chloride,  1357 
Osteolite,  530,  558 
Oxides,  102 
Oxy  muriate  of  tin,  863 


Packfong,  1302 

Palladichlorides,  1343 

Palladiochlorides,  1343 

Palladium,  1336 ;  ammoniacal  com- 
pounds of,  1346  ;  atomic  weight  of, 
1348  ;  detection  and  estimation  of, 
1347  ;  preparation  of,  1337  ;  pro- 
perties of,  1337 

Palladium  bromides,  1344 

Palladium  chlorides,  1342,  1343 

Palladium  cyanide,  1345 

Palladium  hydrogen,  1340 

Palladivim  nitrate,  1345 

Palladium  oxides,  1339,  1340 

Palladiiim  sulphate,  1345 

Palladium  sulphides,  1344,  1345 

Palladium  thiocyanate,  1346 

Parallel  growths,  215 

Parametral  plane,  179 

Parametral  ratios,  179 

Paris  blue,  1265 

Patent  yellow,  893 

Pateraite,  1060 

Patronite,  913 

Pearl-ash,  355 

Pearlite,  1216 

Pectolite,  565 

Pelopium,  945 

Pentlandite,  1298 

Perchlorates,  124 

Perchromic  acid,  1037 

Percolumbic  acid,  952 

Periodic  system,  48,  54  ;  anomalies 
of,  69 

Permanent  white,  607,  611 

Permanganic  acid,  1141 

Permanganic  oxychloride,  114,S 

Permolybdic  acid,  1072 

Perofskite,  806,  811 

Perosmic  anhydride,  1353 

Peroxides,  105 

Perstamiic  acid,  858 
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Pertantalio  acid,  9o9 

Perthiomolybdic  acid,  1079 

Pertiingstic  acid,  1095 

Peruranates,  1111 

Pervanadates,  925 

Pervanadic  acid,  925 

Petalite,  227 

Pewter,  970 

Pharaoli's  serpent,  700 

Pharmaoosiderite,  1246 

Pliase  rule,  114 

Plieiiacite,  617 

Pliosgenite,  873 

Pliosphides,  127 

Pliosplioclialcite,  439 

Piiospiiomolybdio  acid,  1070 

Pliosphor-bronze,  851 

Ptiosphorescence  spectra,  148 

Phosphotungstic  acids,  1092 

Pliospliovanadic  acid,  940 

Photograpliy,  482 

Pitchblende,  1105,  1427 

Plane  of  symmetry,  183 

Plaster  of  Paris,  554 

Platinates,  1388 

Plating,  460 

Platinibromic  acid,  1395 

Platinic  acid,  1388 

Platinic  bromide,  1394 

Platinic  chloride,  1392 

Platinic  hydroxide,  1387 

Platinic  iodide,  1395 

Platinic  sulphate,  1396 

Plalinichloric  acid,  1393 

Platinichlorides,  123 

Platiniodie  acid,  1395 

Platiniridium,  1361 

Platinitliiocyanic  acid,  1403 

Platinochlorides,  1391 

Platiuocyanic  acid,  1401 

Platinoid,  1304 

Platinonitrites,  1397 

Platinosulphites,  1396 

Platinothioplatinates,  1396 

Platinous  bromide,  1394 

Platinous  chloride,  1389 

Platinous  fluoride,  1389 

Platinous  hydroxide,  1387 

Platinous  iodide,  1395 

Platinum,  1371 

Platinum,  action  of  various  reagents 
on,  1386  ;  ammoniacal  compounds 
of,  1398 ;  atomic  weight  of,  66, 
1406  ;  colloidal,  1385  ;  detection  of, 
1404  ;  estimation  of,  1405  ;  fulmin- 
ating, 1398  ;  metallurgy  of,  1374  ; 
preparation  of  pure,  1379 ;  proper- 
ties of,  1381  ;  spongy,  1384  ;  world's 
production  of,  1380 

Platinum  arsenide,  1401 

Platinum  black,  1384 

Platinum  dioxide,  1387 

Platinum  monochloride,  1389 

Platinum  monoxide,   1387 


Platinum  ore,  1319,  1328,  1336,  1349, 

1373,  1374 
Platinum  oxides,  1387 
Platinum  phosphides,  1400 
Platinum  selenide,  1397 
Platinum  sulphides,  1395,  1396 
Platinum  tellurides,  1397 
Platinum  trioxide,  1389 
Plumbates,  890 
Plumbooaloite,  530 
Pollux,  372 
Polonium,  1428,  1438 
Polybasite,  445 
Polyhalite,  330 
Polymorphism,  202 
Polysphaerite,  899 
Porcelain,  741 
Portland  cement,  565 
Positive  rays,  1410 
Potash,  225 
Potash  alum,  734 
Potashes,  355 
Potash  felspar,  739 
Potash  lye,  327 
Potassamide,  342 
Potassammonium,  378 
Potassium,  atomic  weight  of,  67,  362  ; 

detection  of,  361  ;  discovery  of,  318  ; 

estimation  of,  362  ;  preparation  of, 

320  ;  properties  of,  322  ;  sources  of, 

319 
Potassium  amalgam,  89 
Potassium  amidochromate,  1037 
Potassium  antimonate,  978 
Potassium  antimonyl  tartrate,  974 
Potassium  arsenate,  354 
Potassium  arsenide,  353 
Potassium  arsenite,  353 
Potassium  aurate,  512 
Potassium  aurichloride,  516 
Potassium  aurochloride,  514 
Potassium  aurooyanide,  523 
Potassium  azoimide,  342 
Potassium  borates,  354 
Potassium  bromate,  336 
Potassium  bromide,  331 
Potassium  carbide,  354 
Potassium  carbonate,  355 
Potassium  chlorate,  333 
Potassium  chloride,  319,  329     , 
Potassium  chlorochromate,  1036 
Potassium  chloroplatinicyanide,  1402 
Potassium  chromate,  1027 
Potassium  chromic  sulphate,  1044 
Potassium  chromicyanide,  1050 
Potassium  chromithiocyanate,  1050 
Potassium  chromocyanide,  1050 
Potassium  chromosulphate,  1047 
Potassium  cobaltioyanide,  1293 
Potassium  cobaltinitrite,  1286 
Potassium  cobaltocyanide,  1293 
Potassium  columbifluoride,  953 
Potassium  cyanate,  359 
Potassium  cyanide,  358 
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lotassiura  dichromate,  187,  1028 
Potasshun  disulphate,  341 
lotassium  di-iiraiiate,  1110 
I'otassium  ferrocyanide,  1254,  1257 
Potassium  fluochromate,  1035 
Potassium  fluoride,  329 
Potassium  hexaoolurabate,  951 
Potassium  hexatantalate,  959 
Potassium  hydride,  329 
Potassium  hydrogen  carbonate,  358 
Potassium  liydrogen  sulphate,  341  - 
Potassium  hydrogen  sulphite,  340 
Potassium  hydrosulphide,  338 
Potassium  hydroxide,  325 
Potassium  hypoantiraonate,  976 
Potassium  hypochlorite,  333 
Potassium  iodate,  336 
Potassium  iodide,  332 
Potassium  iodotetraohloride,  333 
Potassium  iridate,  1365 
Potassium  iridibromide,  1367 
Potassium  iridichloride,  1366 
Potassium  iridicyanide,  1368 
Potassium  iridiobromide,  1366 
Potassium  iridioc.yanide,  1368 
Potassium  iridionitrite,  1368 
Potassium  manganate,  1140 
Potassium  manganichloride,  1148 
Potassium  manganioyanide,  1156 
Potassium  manganifluoride,  1145 
Potassium  manganocyanide,  1155 
Potassium  metabisulphite,  340 
Potassium  metaphosphate,  353 
Potassium  molybdates,  1067 
Potassium  monoxide,  324 
Potassixim  nitrate,  343 
Potassium  nitrite,  343 
Potassium  nitroprusside,  1268 
Potassium  orthophosphate,  352 
Potassium  osmate,  1352 
Potassium  osmiamate,  1357 
Potassium  osmichloride,  1354 
Potassium  osmoohloride,  1354 
Potassium  osmocyanide,  1358 
Potassium  osmyl  chloride,  1355 
Potassium  palladichloride,  1343 
Potassium  palladiobromide,  1344 
Potassium  palladiochloride,  1343 
Potassium  palladionitrite,  1345 
Potassium  pentathiomolybdate,  1079 
Potassium  perborate,  354 
Potassium  percarbonate,  358 
Potassium  perchlorate,  190,  214,  335 
Potassium  periodate,  183,  336 
Potassium  permanganate,  1142 
Potassium  peroxide,  327 
Potassium  per-ruthenate,  1322 
Potassium  persulphate,  342 
Potassium  pertantalate,  959 
Potassium  platinichloride,  1393 
Potassium  platinithiocyanate,  1403 
Potassium  platinobromide,  1394 
Potassium  platinochloride,  1391 
Potassium  platinocyanide,  1401 


Potassium  platinonitrite,  1397 
Potassium  platinothiooyanate,  1403 
Potassium  polysulphides,  338 
Potassium  pyroantimonate,  979 
Potassium  pyrophosphate,  353 
Potassium  rhodicyanide,  1334 
Potassium  rutlienate,  1322 
Potassium  ruthenichloride,  1324 
Potassium  ruthenio-cyanide,  1327 
Potassium  selenate,  342 
Potassium  silicates,  360 
Potassium  silicofluoride,  361 
Potassium  silicotungstates,  1094 
Potassium  stannate,  856 
Potassium  stannifluoride,  862 
Potassium   sulphate,    189,   214,    218, 

340 
Potassium  sulphide,  337 
Potassium  sulphite,  339 
Potassium  sulpho-carbonate,  358 
Potassium  tantalofluoride,  960 
Potassium  tetrachromate,  1030 
Potassium  thioantinionate,  990 
Potassium  thiomolybdate,  1079 
Potassium  thiocyanate,  360 
Potassium  thiostannate,  867 
Potassium  thiosulphate,  342 
Potassium  thorofluoride,  835 
Potassium  titanate,  811 
Potassium  titanofluoride,  813 
Potassium  triantimonite,  976 
Potassium  trichromate,  1030 
Potassium  tri-iodide,  332 
Potassium  tungstates,  1089 
Potassium  vanadite,  929 
Potassium  zirconofluoride,  825 
Pottery,  741 

Powder  of  Algaroth,  982 
Praseodymium,  796 ;   compounds  of, 

797;  detection  of ,  798 
Prediction  of  undiscovered  elements, 

68 
Preparing  salts,  856 
Principal  valency,  37 
Proustite,  445 
Prout's  hypothesis,  42 
Prussian  blue,  1249,  1261,  1262, 1263, 

1265 
Prussian  green,  1265 
Prussiate  of  potash,  red,  1257 ;  yellow, 

1254 
Pseudomalachite,  439 
Pseudoracemic  compounds,  211 
Psiiomelane,  602,  1124 
Psittacinite,  912 
Pucherite,  912,  999 
Puddling  process,  1193 
Purple  of  Cassius,  508 
Puzzuolana,  565 
Pyrargyrite,  445,  964 
Pyritic  smelting,  410 
Pyrochlor,  830,  947 
Pyrolusite,  1124,  1132,  1159 
Pyromorphite,  873,  899 
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Q 

Quadratic  system,  190 
Quartatiou,  87 
Quartz,  196 
Quicksilver,  671 


R 


Racemie  substances,  211 
Radioactive     change,     products     of, 

1424  ;  rate  of,  1425 
Radioactive  elements,  1407,  1444 
Radioactive  elements  and  the  periodic 

system,  1426,  1429 
Radioactive  substances,  discovery  of, 

1413 
Radioactivity,  measurement  of,  1414  ; 

phenomena  of,  1416 
Radiotellurium,  1438 
Radium,    1427 ;    atomic    weight    of, 

1431  ;  emanation,  1424,  1434  ;  heat 
emission  by,  1423,  1436  ;  spectrum 
of,   1430  ;   spontaneous  change   of, 

1432  ;  transformation  products  of, 
1437,  1438 

Radium  and  uranium,  1442 

Radium  clock,  1420 

Radium  salts,  preparation  and  proper- 
ties of,  1428 

Rare  earths,  772  ;  metals  of  the,  69  ; 
separation  of,  777 

Reaction  velocity,  131 

Reaction  velocity  and  temperature, 
137 

Recalescence  of  steel,  1215 

Red  copper  ore,  400,  421 

Red  lead,  106,  888 

Red  precipitate,  682 

Red  silver  ore,  964 

Regular  system,  193 

Regulus  of  Venus,  971 

Reversible  reactions,  128 

Rewdanskite,  1298,  1315 

Rheostan,  1304 

Rhodites,  1332 

Rhodium,  1328  ;  ammoniacal  deriv- 
atives of,  1334 ;  atomic  weight  of, 
1335  ;  detection  and  estimation  of, 
1335 ;  preparation  of,  1328 ;  pro- 
perties of,  1330 

Rhodium  alums,  1334 

Rhodium  chloride,  1332 

Rhodium  hydroxides,  1331,  1332 

Rhodium  nitrate,  1334 

Rhodium  nitrite,  1334 

Rhodium  oxides,  1331,  1332 

Rhodium  sulphate,  1334 

Rhodium  sulphides,  1333 

Rhodium  sulphite,  1333 

Rhodochlorides,  1333 

Rhodocrozite,  1124,  1155 


Rhodonite,  1157 

Rhombic  system,  189,  201 

Rhombohedral  system,  191,  201 

Rinmann's  green,  1295 

Ripidolite,  711 

Rock  salt,  250 

Romerite,  1240 

Romeite,  977 

Roscoelite,  912 

Rose's  metal,  1003 

Rosin-blende,  644 

Rotatory  polarisation,  197 

Rubidium,  364 ;  atomic  weight  of, 
371 ;  detection  of,  371  ;  discovery 
of,  161 ;  estimation  of,  371  ;  occur- 
rence of,  162,  364  ;  preparation  of, 
368  ;  properties  of,  369  ;  separation 
of,  366 

Rubidium  carbonate,  371 

Rubidium  chlorate,  370 

Rubidium  chloride,  369 

Rubidium  hydride,  369 

Rubidium  hydroxide,  369 

Rubidium  nitrate,  370 

Rubidium  oxides,  369 

Rubidium  perchlorate,  370 

Rubidium  platinichloride,  1393 

Rubidium  selenate,  370 

Rubidium  sulphate,  218,  370 

Rubidium  sulphides,  370 

Ruby,  710,  719 

Ruby  glass,  588 

Rusting  of  iron,  1168 

Rutheniochlorides,  1324 

Rutheniocyanic  acid,  1327 

Rucheniura,  1319  ;  ammoniacal  deriv- 
atives of,  1326  ;  atomic  weight  of, 
1328  ;  detection  and  estimation  of, 
1328  ;  preparation  of,  1319  ;  proper- 
ties of,  1320 

Ruthenium  bromide,  1325 

Ruthenium  chlorides,  1324 

Ruthenium  dithionate,  1325 

Ruthenium  hydroxides,  1321,  1322 

Ruthenium  iodide,  1325 

Ruthenium  nitrosochloride,  1326 

Ruthenium  oxides,  1321,  1322,  1323 

Ruthenium  oxychloride,  1325 

Ruthenium  silicide,  1327 

Ruthenium  sulphate,  1326 

Ruthenium  sulphides,  1325 

Ruthenium  sulphite,  1325 

Rutile,  805,  806,  809 


S 


Salammoniac,  380 
Salt-cake,  258 
Salt-cake  process,  288 
Saltpetre,  343 
Saltpetre,  Chili,  262 
Salts,  acid,  108  ;  basic,  108  ;  complex, 
109;  double,   109,    118;  fusibility 
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ana  volatility  of,  121  ;  generic  pro- 
perties of,  122  ;  normal,  107  ;  solu- 
bility of,  110 

f^alts,  acids,  and  bases,  90 

iSal-volatile,  391 

Samarium,  799 

Samarskite,  774,  776,  110.) 

Sapphire,  710,  719 

Saxifragin,  613 

Scandium,   68,    781  ;    compounds  of, 

^  782 

Scheele's  green,  440 

Scheelite,  1083,  1090 

Schlippe's  salt,  990 

Schorlomite,  806 

Schweizer's  reagent,  42+ 

Selenite,  530,  552 

Sellalte,  630 

Senarmoutite,  193 

Siderite,  1175 

iSilicotungstic  acids,  1093 

Silver,  445  ;  alloys  of,  462 ;  atomic 
weight  of,  490  ;  colloidal,  459  ;  de- 
tection of,  488  ;  electric  refining  of, 
455 ;  electro-deposition  of,  461  ; 
estimation  of,  489  ;  metallurgy  of, 
445  ;  molecular,  457  ;  ores  of,  445  ; 
preparation  of  pure,  456  ;  properties 
of,  438  ;  wet  extraction  of,  453 ; 
world's  production  of,  456 

Silver  acetylide,  481 

.Silver  alum,  736 

Silver  amide,  478 

Silver  arsenate,  481 

Silver  arsenite,  481 

Silver  azoimide,  478 

Silver  biphosphide,  480 

Silver  bromide,  471 

Silver  carbide,  48 1 

Silver  carbonate,  481 

Silver  chlorate,  475 

Silver  chloride,  467 

Silver  chlorite,  474 

Silver  chromate,  1032 

Silver  coin,  463   . 

Silver  cyanamide,  482 

Silver  cyanate,  482 

Silver  cyanide,  482 

Silver  dichromate,  1032 

Silver  disulphide,  476 

Silver  fluoride,  467 

Silver  glance,  445 

Silver  hyponitrite,  478 

Silver  iodide,  473 

Silver  nitrate,  479 

Silver  nitride,  478 

Silver  nitrite,  479 

Silver  oxide,  464 

Silver  permanganate,  1144 

Silver  peroxide,  465 

Silver  phosphates,  481 

Silver  platinonitrite,  1397 

Silver  sodium  thiosulphate,  477 

Silver  subfluoride,  466 


Silver  sulphate,  476 
Silver  sulphide,  475 
Silver  sulphite,  476 
Silver  thiocyanate,  482 

Silver  thiosulphate,  477 

Silver  ultramarine,  748 

Silvering,  460,  462 

Skutterudito,  1275,  1291 

Slaked  lime,  535 

Smalt,  1295 

Sraaltite,  1275,  1291 

Smithsonite,  644 

Soda,  225,  281  ;  manufacture  of,  282, 
303 

Soda  ash,  274,  299 

Soda  by  electrolytic  processes,  311 

Soda  crystals,  275,  316 

Soda  from  cryolite,  303 

Soda  glass,  soluble,  278 

Sodamide,  261 

Sodammoniura,  378 

Sodium,  237  ;  atomic  weight  of,  280 
compounds  of,    243  ;   detection  of, 
279 ;    estimation    of,    279 ;    manu 
facture  of,  239  ;  occurrence  of,  238 
properties    of,   242;    spectroscopic 
detection  of,  159  ;  uses  of,  243 

Sodium  alum,  736 

Sodium  aluminate,  724 

Sodium  aluminium  chloride,  727 

Sodium  amalgam,  89,  678 

Sodium  antimonate,  979 

Sodium  antimonite,  976 

Sodium  arsenates,  269 

Sodium  arsenide,  269 

Sodium  aurichloride,  516 

Sodium  aurothiosulphate,  520 

Sodium  azoimide,  262 

Sodium  bicarbonate,  275,  316 

Sodium  borates,  270 

Sodium  bromide,  253 

Sodium  carbide,  273 

Sodium  carbonate,  274 

Sodium  chlorate,  255 

Sodium  chloride,  250 

Sodium  chromate,  1030 

Sodium  cyanide,  277 

Sodium  dichromate,  1031 

Sodium  dioxide,  246 

Sodium  disulphate,  260 

Sodium  di-uranate,  1110 

Sodium  ferricyanide,  1258 

Sodium  ferroeyanide,  1255 

Sodium  fluoride,  249 

Sodium  hexatantalate,  959 

Sodium  hydride,  249 

Sodium  hydrogen  sulphate,  260 

Sodium  hydrogen  sulphite,  258 

Sodium  hydroxide,  244 

Sodium  hypochlorite,  253 

Sodium  hypophosphite,  264 

Sodium  hyposulphite,  256 

Sodium  iodide,  253 

Sodium  iridichloride,  1366 
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Sodium  manganate,  1140 

Sodium  metabisulphite,  258 

Sodium  molybdates,  1066 

Sodium  monoxide,  244 

Sodium  metapliosphates,  267 

Sodium  metastannate,  857 

Sodium  nitrate,  191,  262 

Sodium  nitrite,  262 

Sodium  nitroprusside,  1268 

Sodium  ortliophosphates,  264 

Sodium  osmate,  1352 

Sodium  osmichloride,  1355 

Sodium  osminitrite,  1358 

Sodium  osmisulphite,  1356 

Sodium  palladiosulpliite,  1345 

Sodium  percarbonate,  277 

Sodium  perchlorate,  256 

Sodium  permanganate,  1144 

Sodium  peruranate,  1111 

Sodium  phosphide,  264 

Sodium  platiniehloride,  1393 

Sodium  pyroantimonate,  979 

Sodium  pyrophosphates,  267 

Sodium  rhodochloride,  1333 

Sodium  seleno-antimonate,  993 

Sodium  sesquicarbonate,  317 

Sodium  silicates,  277 

Sodium  silioofluoride,  279 

Sodium  stannate,  856 

Sodium  suboxide,  243 

Sodium  sulphate,  258  ;  solubility  of, 

115 
Sodium  sulphides,  256 
Sodium  sulphonosmate,  1356 
Sodium  sulphite,  257 
Sodium  tantalofluoride,  960 
Sodium  thioantimonate,  990 
Sodium  thiopalladate,  1345 
Sodium  thiostannate,  867 
Sodium  thiosulphate,  260 
Sodium  titanofluoride,  814 
Sodium  trioxide,  249 
Sodium  tvingstates,  1089 
Sodium  vanadite,  929 
Sodium  zireonate,  825 
Soft  soap,  327 
Solar  atmosphere,  168 
Solar  spectrum,  168 
Solder,  850 
Sollas'  theory,  222 
Soluble  soda  glass,  278 
Solubility  of  alloys,    87  ;    of    salts, 

110 
Solvay's  apparatus,  306 
Sombrerite,  558 
Sorawallahs,  344 
Sorbite,  1216 
Spark  spectra,  146 
Spatliic  iron  ore,    J  16.5,    1175,    1177, 

1247 
Spectra,  145,  146,  148,  152,   154,   157, 

163,  171 
Spectral  lines,  relations  between  155 
Spectroscope,  143 


Spectroscope  and  chemical  analysis, 
158 

Spectrum  analysis,  139 

Specular  iron  ore,  1165,  1174 

Speculum-metal,  850 

Specific  gravity  of  the  elements,  57 

Specific  heat  of  metals,  15 

Speiss-cobalt,  1275 

Sperrylite,  1373 

Sphene,  806,  812 

Spiegel  iron,  1188 

Spinel,  625,  724 

Spodumene,  227 

Stannibromides,  865 

Stannic  acid,  855,  856,  858 

Stannic  bromide,  865 

Stannic  chloride,  862 

Stannic  fluoride,  861 

Stannic  hydroxides,  855 

Stannic  iodide,  865 

Stannic  nitrate,  868 

Stannic  oxide,  854 

Stannic  oxysulphide,  868 

Stannic  pyrophosphate,  869 

Stannic  sulphate,  868 

Stannic  sulphiile,  866 

Stannichlorides,  864 

Stannifluorides,  862 

Stannous  bromide,  860 

Stannous  chloride,  859 

Stannous  fluoride,  859 

Stannous  iodide,  860 

Stannous  nitrate,  861 

Stannous  oxide,  853 

Stannous  sulphate,  861 

Stannous  sulphide,  860 

Stassfurt  minerals,  119 

Stassfurt  salts,  330 

Steel,  1172,  1198,  1212,  1214,  1215 

Steel  bronze,  718 

Stellar  spectra,  171 

Stephanite,  445 

Stibine,  971 

Stiblite,  964 

Stibnite,  962,  985      . 

Stolzite,  873,  1083,  1091 

Stoneware,  745 

Stourbridge  clay,  740 

Stream-tin,  854 

Stromeyerite,  445 

Strontia,  597 

Strontianite,  594 

Strontium,  594  ;  atomic  weight  of, 
600  ;  compounds  of,  596  ;  detection 
of,  599 ;  estimation  of,  600  ;  pre- 
paration of,  595 ;  properties  of, 
596 

Strontium  arsenide,  599 

Strontium  boride,  599 

Strontium  carbonate,  599 

Strontium  chloride,  597 

Strontium  ferrocyanide,  1256 

■Strontium  hydride,  597 

Strontium  hydroxide,  597 
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Strontium  nitrate,  598 
Strontium  nitride,  599 
Strontium  oxides,  597 
Strontium  phosphide,  599 
Strontium  sulphate,  598 
Strontium  sulphide,  598 
Suboxides,  106 
Suint,  320 
Sulphates,  125 
Sulphides,  124 
Sulphites,  125 

Sulphochromio  hydroxide,  1048 
Sulphochromites,  1048 
Sulphonosmates,  1356 
.Sulphur,  203 
Sulvanite,  913 
Superphosphate  of  lime,  559 
[Supersaturated  solutions,  120 
Supersaturatiou,  215 
Supersolubility  curve,  120 
Supplementary  valency,  37 
Sylvanite,  491 
Sylvine,  319,  330 
Symmetry  of  crystals,  182 
Sympathetic  inks,  1282 


Tachhydrite,  330,  537,  631 

Tachyol,  467 

Talc,  625 

Tantalates,  959 

Tantalic  acid,  958 

Tantalite,  944,  946,  948 

Tantalum,  957  ;  atomic  weight  of, 
962  ;  detection  of,  962  ;  preparation 
of,  957  ;  properties  of,  957 

Tantalum  carbide,  962 

Tantalum  compounds,  extraction  of, 
948 

Tantalum  dichloride,  961 

Tantalum  nitrides,  961 

Tantalum  oxides,  958 

Tantalum  pentabromide,  961 

Tantalum  pentacliloride,  960 

Tantalum  pentafluoride,  960 

Tantalum  sulphide,  961 

Tartar  emetic,  974,  994 

Telluric  bismuth,  999 

Tellurium,  atomic  weight  of,  67 

Tenorite,  400 

Tephroite,  1157 

Terbium,  801 

Tesseral  system,  193 

Tetradymite,  999,  1011 

Tetragonal  system,  190,  201 

Thallic  bromide,  769 

Thallic  chloride,  768 

Thallic  hydroxide,  767 

Thallic  nitrate,  770 

Thallic  sulphate,  769 

Thallic  sulphide,  769 


Thallium,  759 ;  atomic  weight  of,  771 ; 
compounds  of,  761  ;  detection  of, 
770  ;  discovery  of,  162  ;  estimation 
of,  770  ;  preparation  of,  760  ; 
properties  of,  760 

Thallium  alum,  764 

Thallium  monoxide,  761 

Thallium  phosphates,  765 

Thallium  silicate,  766 

Thallium  trioxide,  767 

Thallous  bromide,  763 

Thallous  carbonate,  766 

Thallous  chlorate,  763 

Thallous  chloride,  762 

Thallous  cyanide,  766 

Thallous  fluoride,  762 

Thallous  hydroxide,  762 

Thallous  iodide,  763 

Thallous  nitrate,  765 

Thallous  perchlorate,  763 

Thallous  sulphate,  764 

Thallous  sulphide,  764 

Thenard's  blue,  1295 

Thermal  classification  of  alloys,  77 

Thermite,  716 

Thermonatrite,  275 

Thiostannic  acid,  867 

Thiotungstate,  1101 

Thoria,  833 

Thorianite,  775,  830,  831 

Thorite,  830,  831,  833 

Thorium,  830 

Thorium,  atomic  weight  of,  837 ; 
compounds  of,  833 ;  detection  of, 
837;  estimation  of,  837;  preparation 
of,  832 ;  properties  of,  833 ;  radio- 
activity of,  1440 

Thorium  borides,  836 

Thorium  carbide,  836 

Thorium  chloride,  835 

Thorium  fluoride,  834 

Thorium  hydride,  834 

Thorium  nitrate,  832,  836 

Thorium  nitride,  836 

Thorium  oxides,  833,  834 

Thorium  phosphate,  836 

Thorium  silicide,  837 

Thorium  sulphate,.  836 

Thorium  sulphide,  835 

Thulium,  801 

Tin,  841 

Tin,  alloys  of,  850  ;  atomic  weight  of, 
871  ;  compounds  of,  853  ;  detection 
of,  869  ;  estimation  of,  870 ;  metal- 
lurgy of,  843 ;  properties  of,  848  ; 
uses  of,  849 

Tin  amalgam,  851 

Tin  peroxide,  858 

Tin  phosphides,  869 

Tin  pyrites,  84o 

Tin  salt,  859 

Tincal,  271 

Tinstone,  843,  854 

Titanic  acids,  810 
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Titanic  iron  ore,  812 

Titanite,  806,  812 

Titanium,  805  ;  atomic  weight  of,  821 ; 
compounds  of,  808  ;  detection  of, 
820 ;  estimation  of,  821  ;  prepara- 
tion of,  806  ;  properties  of,  807 

Titanium  bromides,  816 

Titanium  carbide,  819 

Titanium  chlorides,  814 

Titauium  cyanonitride,  819 

Titanium  dichloride,  814 

Titanium  fluorides,  813 

Titanium  iodides,  817 

Titanium  nitrides,  819 

Titanium  oxides,  808 

Titanium  oxy chloride,  816 

Titanium  sulphates,  818 

Titanium  sulphides,  817 

Titanium  tetrachloride,  815 

Titanium  trichloride,  814 

Titanium  trioxide,  812 

Tiza,  271 

Tombac,  651 

Topaz,  739 

Topic  axes,  218 

Transition  interval,  118 

Transition  temperature,  113 

Trichromyl  chloride,  1036 

Triclinic  system,  187,  201 

Trigonal  system,  191 

Trimanganese  tetroxide,  1130 

Triphane,  227 

Triphylite,  227,  365 

Trogerite,  1120 

Troilite,  1232 

Trona,  276 

Troostite,  1216 

Tungsten,  1082 ;  atomic  weight  of, 
1104  ;  detection  of,  1103  ;  estima- 
tion of,  1103;  preparation  of,  1083; 
properties  of,  1084 

Tungsten  arsenide,  1 102 

Tungsten  boride,  1103 

Tungsten  bronzes,  1091 

Tungsten  carbides,  1102 

Tungsten  chlorosulphide,  1101 

Tungsten  dibromide,  1100 

Tungsten  dichloride,  1096 

Tungsten  di-iodide,  1101 

Tungsten  dioxide,  1085 

Tungsten  disulphide,  1 101 

Tungsten  hexabromide,  1100 

Tungsten  hexachloride,  1098 

Tungsten  hexafluoride,  1095 

Tungsten  nitride,  1102 

Tungsten  oxybroniides,  1100 

Tungsten  oxychlorides,  1099 

Tungsten  oxyfluorides,  1096 

Tungsten  pentabromide,  1100 

Tungsten  pentaohloride,  1097 

Tungsten  phosphides,  1102 

Tungsten  silicide,  1103 

Tungsten  tetrachloride,  1097 

Tungsten  tetra-iodide,  1101 


Tungsten  trioxide,  1086 
Tungsten  trisulphide,  1101 
Tungsten  tungstates,  1091 
Tungstio  acid,  1087 
Tungstosilicic  acid,  1094 
Tuinbull's  blue,  1264 
Turner's  yellow,  893 
Turquoise,  738 
Twin  crystals,  197 
Type  metal,  970 


U 


Ullmannite,  964 

Ultramarine,  746 

Uranates,  1110 

Uranio  hydroxide,  1109 

Uranic  oxide,  1109 

Uraninite,  1105 

Uranite,  1105 

Uranium,  1104  ;  atomic  weight  of,  67, 

1121 ;  detection  of,  1120  ;  estimation 

of,     1121;     preparation    of,     1106; 

properties   of,    1107 ;    radioactivity 

of,  1441 
Uranium  and  radium,  1442 
Uranium  arsenide,  1119 
Uranium  carbide,  1120 
Uranium  dioxide,  1108 
Uranium  hexafluoride,  1112 
Uranium  mica,  1105 
Uranium  nitride,  1118 
Uranium  oxy  bromide,  1115 
Uranium  oxychloride,  1114 
Uranium  pentachloride,  1114 
Uranium  pentoxide,  1111 
Uranium  peroxide,  1111 
Uranium  phosphide,  1119 
Uranium  red,  1117 
Uranium  selenides,  1117 
Uranium  sesquisulphide,  1116 
Uranium  telluride,  1117 
Uranium  tetrabromide,  1115 
Uranium  tetrachloride,  1113 
Uranium  tetrafluoride,  1112 
Uranium  tetraiodide,  1115 
Uranium  trichloride,  1113 
Uranoso-uranic  oxide,  1111 
Uranospinite,  1120 
Uranotantalite,  1105 
Uranothallite,  1105 
Uranous  chloride,  1113 
Uranous  fluoride,  1112 
Uranous  hydroxide,  1109 
Uranous  oxyfluoride,  1113 
Uranous  phosphates,  1119 
Uranous  sulphate,  1117 
Uranous  sulphide,  1116 
Uranyl  arsenates,  1119 
Uranyl  bromide,  1115 
Uranyl  carbonates,  1120 
Uranyl  chloride,  1114 
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Uranyl  fluoride,  1112 
Uranyl  iodide,  1116 
Uranyl  nitrate,  1119 
Uranyl  oxide,  1109 
Uranyl  phosphates,  1119 
Uranyl  selenide,  1117 
Uranyl  sulphate,  1118 
Uranyl  sulphide,  1116 
Uranyl  sulphite,  1117 
Urao,  276 

V 

Valency,  27,  36,  39,  41,  5.) 

Valency  volume  theory,  220 

Valentinite,  964,  974  ' 

Vanadates,  920 

Vanadic  acids,  920 

Vanadic  anhydride,  918 

Vanadinite,  912 

Vanadious  sulphate,  936 

■\\anadites,  929 

Vanadium,  911  ;  atomic  weight  of, 
943  ;  detection  of,  941  ;  estimation 
of,  942;  preparation  of,  913; 
properties  of,  917 

Vanadium  alums,  937 

Vanadium  carbide,  940 

Vanadium  chlorides,  931 

Vanadium  cyanides,  941 

Vanadium  dichloride,  932 

Vanadium  dioxide,  928 

Vanadium  fluorides,  930 

Vanadium  group,  911 

Vanadium  monoxide,  926 

Vanadium  nitrides,  939 

Vanadium  oxides,  918 

Vanadium  oxychlorides,  931 

Vanadium  sesquioxide,  928 

Vanadium  sesquisulphate,  937 

Vanadium  silicides,  941 

Vanadium  suboxide,  926 

Vanadium  sulphides,  935 

Vanadium  tetrachloride,  931 

Vanadium  thiocyanates,  941 

Vanadium  tribromide,  934 

Vanadium  trichloride,  932 

Vanadyl  bromides,  935 

Vanadyl  chlorides,  934 

Vanadyl  sulphates,  938 

Vanadyl  sulphite,  936 

Vanadyl  trichloride,  933 

Vapour  density  of  metallic  com- 
pounds,  14,  31 

Vauquelinite,  1032 

Velocity  coefficient,  131 

Velocity  of  reaction,  131 

Venetian  white,  903 

Vermilion,  694 

Vitriol,  green,  1236 

Vitriol  ochre,  1239 

Vivianite,  1245 

Voglite,  1105 

Volborthite,  912 


Wad,  1275 
Walpurgite,  1120 
Washing  soda,  275 
Websterite,  730 
Weldon  process,  1134 
Werner's  theory  of  valencj',  36 
White  lead,  900 
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